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Abstract of the Dissertation 

Biophysical Insights into the Initiation and Inhibition of Amyloid Formation by Islet 

Amyloid Polypeptide. 

by 

Hui Wang 

Doctor of Philosophy 

in 

Chemistry 

Stony Brook University 

2014 

 

Amyloid formation, the aggregation of normally soluble proteins or polypeptides into highly 

ordered β-sheet structures, is a characteristic feature of many human diseases including 

Alzheimer’s disease, Parkinson’s disease and type 2 diabetes. I centered my research on islet 

amyloid polypeptide (IAPP), a neuroendocrine hormone that forms fibrillar amyloid deposits in 

the extracellular space of the pancreatic islets of Langerhans in type 2 diabetes. Although 

whether IAPP amyloid formation is a cause or consequence of the disease is controversial, the 

aggregation process has been shown to induce β-cell apoptosis and reduce β-cell mass, which is 

a hallmark feature of type 2 diabetes. The mechanism of islet amyloid formation is not 

understood yet. Moreover, although there are some reported IAPP amyloid inhibitors, either 

peptide-based or small-molecule, lack of the clear modes of their actions impedes further 
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development and their clinical use. A better understanding of the amyloidsis and inhibition 

mechanism could help explain the pathogenesis of type 2 diabetes and could lead to improved 

treatment for the disease. 

My work included a study of the effects of glycosaminoglycans, the main component of 

extracellular matrix which was believed to play a role in in vivo islet amyloid initiation and 

progression, on in vitro amyloid formation and inhibition; an investigation of the possible role of 

impaired proIAPP processing in islet amyloid formation; a rational design of several IAPP 

analogs with better solubility at neutral pH than a FDA approved drug, promising better adjunct 

drug candidates to insulin therapy for diabetes patients; a study to elucidate the factors which 

lead to optimum peptide based inhibitors of IAPP amyloid formation by examining the ability of 

a set of designed polypeptide analogs of IAPP; a critical examination of the inhibition of IAPP 

amyloid formation by inositol. 
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Chapter 1 Introduction 

Amyloid formation refers to the aggregation of normally soluble proteins or polypeptides 

into partially ordered insoluble fibrils or amyloid plaques. Amyloid deposits, formed by a wide 

range of proteins and peptides, are associated with more than 40 human disorders including 

neurodegenerative diseases such as Alzheimer’s and Parkinson’s, and metabolic diseases such as 

type 2 diabetes (Table 1-1).
1
 This introduction summarizes the current knowledge of the 

biophysical, biological, and biochemical features of amyloid deposition with the primary focus 

on islet amyloid polypeptide (IAPP or amylin), a peptide responsible for pancreatic islet amyloid 

in type 2 diabetes. 

1.1 General Features of Amyloid 

Amyloid formed by different proteins and polypeptides, regardless of the differences in 

their sequence and native secondary structure, share some common properties in terms of 

structure, ligand binding and polymerization pathway.    

Amyloid fibrils are unbranched and 5 to 10 nm in diameter, according to transmission 

electron microscopy (TEM) images.
2
 Individual fibrils are built from protofilaments, each of 

which normally contains two or more β-sheets. The β-sheet conformation extends over the length 

of amyloid fibrils with the individual β-strands aligned perpendicular to the fiber axis; therefore, 

the hydrogen bonds within a sheet are nearly parallel to the fiber axis (Figure 1.1).
2, 3

 This 

“cross-β” motif is a defining feature of the amyloid fibrils. Amyloid fibrils are typically made up 

of 3 to 9 protofilaments which are left handed super-coiled (Figure 1.1).
4
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Due to their ordered structure, amyloid fibrils are able to bind histological dyes such as 

Congo red and thioflavin-T.
5, 6

 Upon binding to amyloid fibrils, Congo red shows a characteristic 

green birefringence as well as a shift in absorbance maximum from 490 nm to 540 nm.
7, 8

 

Although the binding mode is not fully understood, a planar Congo red form may bind in 

grooves formed along the β-sheets in either a monomeric or supramolecular form.
9
 However, 

Congo red does not specifically bind to amyloid fibrils; it also binds to native proteins and 

partially folded proteins without specific secondary structure requirement.
10

 In addition, it can 

interfere with the kinetics of amyloid formation.
11-14

  

Another dye, thioflavin-T, has been widely used as an in vitro fluorescent probe for 

characterization of amyloid fibrils and kinetics of amyloid formation. Thioflavin-T consists of a 

benzothiazole and an aminobenzene ring (Figure 1.2). In solutions, these two fragments rapidly 

rotate around the shared C-C bond, leading to non-radiative decay. Upon binding to the grooves 

on the surface of amyloid fibrils or protofibrils, formed by aligned side chains in ordered β-sheet 

structures, the excited state of thioflavin-T is stabilized due to a rigid dye environment, resulting 

in an increased quantum yield as well as a characteristic fluorescence signal at 482 nm when 

selectively excited at 450 nm.
15-20

 Simulation results which model the binding of thioflavin-T to 

the peptide KLVFFAE protofibril are shown in Figure 1.2. The interaction of thioflavin-T with 

amyloid fibrils is observed with a variety of proteins and polypeptides with different size, 

sequence and native structures, and it has been proved that thioflavin-T, at various 

concentrations, does not perturb amyloid formation by IAPP.
21

  

The mechanism of amyloid formation is not completely understood, but experimental 

evidence favors a nucleation-dependent pathway, which applies to both intrinsically disordered 

peptides and natively folded proteins. However, natively folded proteins need to unfold, at least 
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partially, prior to their aggregation into amyloid fibrils.
22-24

 This step is usually facilitated by 

mutations in the amino acid sequence that destabilize the native structure, or by conditions that 

promote partial unfolding such as high temperature, high pressure, low pH, or moderate 

concentrations of organic solvents.
25-29

 

Amyloid formation consists of three different phases.
30

 The first is the lag phase in which 

monomers slowly associate into oligomers which then further convert to the nucleus. This is the 

rate limiting step. Once seeds are formed, there is a growth phase with rapid formation of 

protofibrils by addition of monomers to the ends of seeds and assemblies of protofibrils in order 

to generate mature amyloid fibrils. After the exponential growth, the fibrilization reaction 

reaches a plateau where amyloid fibrils and soluble species are in equilibrium (Figure 1.3). The 

lag phase can be partly or completely bypassed by adding preformed seeds.
31

 The seeding 

reaction is specific to some degree since fibrils are more efficient in templating the amyloid 

formation by the same protein than by other amyloidgenic proteins.
32

 Therefore, cross-seeding 

experiments, which test the ability of fibrils formed by one protein to seed the amyloid formation 

by another amyloidgenic protein, are conducted to investigate the structural similarity among 

different fibrils. Secondary nucleation is an important part of amyloid formation and refers to the 

catalysis of the formation of new fibrils from existing fibrils. In recent years, secondary 

nucleation events, which involve fragmentation of growing fibrils to generate new ends or the 

growth of new fibrils off existing fibrils, have been discovered, and various studies have 

indicated that secondary nucleation plays an important role in the kinetics of amyloid 

formation.
33-35
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1.2 Islet Amyloid Polypeptide (IAPP) 

1.2.1 In Vivo Biosynthesis  

IAPP is a 37 residue neuroendocrine hormone produced with insulin as a preform in the 

islet β cells of the pancreas. It is stored in the insulin secretory granule and co-secreted with 

insulin, a natural inhibitor of IAPP amyloid formation.
36-38

 Secreted protein levels are maintained 

at a ~1:100 ratio of IAPP to insulin in the secretory granule of healthy β-cells, and the 

concentration of IAPP in the granule is in the millimolar range which is much higher than is 

required to promote rapid amyloid formation in vitro, suggesting that there are factors which 

inhibit its aggregation in the secretory granule.
39, 40

 The low pH and interactions with insulin in 

the secretory granule have been proposed to play such an inhibitory role in vivo.
36, 41

 

IAPP is synthesized as an 89 residue precursor, preproIAPP. Removal of the signal 

sequence generates the 67 residue prohormone, proIAPP, which is further processed by cleavage 

at two conserved dibasic sites (Lys-Arg) located at its N- and C-termini by the same prohormone 

convertases that process proinsulin.
42

 The C-terminal pro-sequence is removed in either the 

trans-Golgi network or secretory granule, preferentially by the prohormone convertase PC(1/3). 

The remaining dibasic residues at the C-terminus are cleaved by carboxypeptidase E (CPE),
43

 

and amidation is carried out by the peptidyl amidating mono-oxygenase complex (PAM) with a 

conserved glycine residue acting as the nitrogen donor.
44

 Cleavage of the prosequence at the N-

terminus by convertase PC2 gives the 37 residue mature IAPP.
45

 Additional posttranslational 

modifications include disulfide formation between Cys2 and Cys7 (Figure 1.4).
46

 Impairment of 

the prohormone processing machinery leads to the secretion of an intermediate peptide with the 

N-terminal flanking region of proIAPP, proIAPP1-48, which corresponds to the first 48 residues 

of proIAPP.
47, 48

 This intermediate peptide has been conjectured to play an important role in the 
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initiation and progression of IAPP amyloid formation in vivo. 
49-52

 One of my research projects is 

to study the role of proIAPP1-48 in islet amyloid formation. This work is summarized in chapter 2.  

1.2.2 Physiological Function of IAPP 

The physiological function of soluble IAPP is not completely understood due to the 

difficulty in distinguishing its physiological roles from its experimentally observed 

pharmacological effects, but hIAPP is believed to complement the effects of insulin in 

postprandial glycemic control by suppressing postprandial glucagon secretion, helping regulate 

the rate of gastric emptying, and inducing satiety to suppress food intake.
53-57

 The 

aforementioned effects on the rate of both endogenous and exogenous glucose entry into the 

circulation by IAPP and its analog drug, pramlintide, has been well established in experimental 

animals and in humans.
58-63

 Pramlintide will be discussed in more detail in section 1.2.4 and 

chapter 4 and 5.  

IAPP was also reported to inhibit insulin-stimulated glucose uptake and glycogen synthesis 

in isolated incubated rat skeletal muscle.
64

 Moreover, IAPP has been shown to inhibit insulin-

stimulated glucose transport in vitro, and insulin resistance could be induced by infusion of IAPP 

in vivo.
65, 66

 Thus IAPP was proposed to be related to insulin resistance mechanism in type 2 

diabetes. However, these effects were observed at concentrations much higher than physiological 

levels. 

1.2.3 IAPP Amyloid and Diabetes 

IAPP has been characterized in a variety of species including mammals, birds, and 

teleostean fish, but in vivo islet amyloid has only been identified in humans, non-human 

primates, and cats, but notably not in rats and mice.
53, 67-73

 The other species do not form islet 
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amyloid, and have not been reported to develop type 2 diabetes. The IAPP sequence is conserved 

across species, and differ most between residues 20 and 29 (Figure 1.5).
74

 For example, rat IAPP 

(rIAPP) which does not form amyloid, differs from human IAPP (hIAPP) at only six positions 

out of 37, and five of them, including three Pro, are located in the 20-29 segment. Pro is a well-

known β-sheet breaker, and the inability of rat IAPP to form amyloid is attributed to three Pro 

substitutions at positions 25, 28 and 29.
67

 Due to these studies, the segment 20-29 of hIAPP, 

which forms amyloid on its own, was believed to form the core of IAPP amyloid and dictate the 

amyloidogenic properties of the peptide.
67, 75

 Subsequent studies reveal that the situation is more 

complex. More details about the connection between primary sequence and amyloid formation  

are discussed in section 1.2.4.  

Islet amyloid is clearly associated with type 2 diabetes, although whether it is a cause or 

consequence of the disease is not clear. In one study, islet amyloid has been found in up to 90% 

of patients with type 2 diabetes.
76

 The islet amyloid deposits are also observed in nondiabetic 

individuals, but usually occur to a less severe degree.
77, 78

 Moreover, amyloid deposition is 

associated with reduced islet volume due to a loss of β-cell mass, which is a hallmark feature of 

type 2 diabetes.
79-81

 More details about the β-cell toxicity of IAPP will be discussed in the next 

section. Another main factor of type 2 diabetes is insulin resistance, resulting in an increased 

demand for insulin release, which is paralleled by an increase in IAPP and proIAPP secretion, 

and could lead to islet amyloid formation.
82-84

 

Due to the difficulty in investigating amyloid formation in humans, studies of cultured 

islets and studies with animals, especially rats transgenic for human IAPP, provide more 

information on the effect of IAPP aggregation for the development of diabetes.
85-90

 As mentioned 

earlier, rIAPP does not form amyloid and rats do not develop type 2 diabetes. However, in 
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several rat strains transgenic for human IAPP, diabetes has developed accompanying islet 

amyloid formation and reduction in β-cell mass, comparable to what was observed in human 

type 2 diabetes.
91-93

 One issue with some of the animal models is that large amounts of IAPP are 

produced. In addition, inhibition of proIAPP expression by small interfering RNA and treatment 

with a peptide inhibitor of IAPP aggregation have been shown to enhance β-cell survival in 

cultured human islets.
89, 90

  

Last but not least, IAPP also contributes to the failure of pancreatic islet transplants as a 

treatment for type 1 diabetes, which is featured by a lack of insulin secretion. Clinical trials 

carried out in the 1980’s and 1990’s have shown that although initially transplantation from 

nondiabetic donors into diabetes patients achieved an recovered insulin secretion in nearly all 

subjects, only 10% of them maintained normal glucose homeostasis without insulin therapy over 

two years.
94, 95

 The failure of islet function over time is associated with the amyloid formation by 

IAPP in the islets.
96, 97

 A recent study shows that islet amyloid deposition limits the viability of 

human islet grafts, but not porcine grafts since porcine IAPP is significantly less amyloidogenic 

than hIAPP.
98

 This study also provides evidence that preventing amyloid formation promotes 

graft survival. 

1.2.3 IAPP and β-cell Toxicity 

IAPP amyloid fibrils were first thought to account for the observed cytotoxicity of IAPP to 

human and rat islet cells in vitro, but it has been generally accepted that small soluble, 

oligomeric IAPP aggregates formed during the lag phase of amyloid formation are the toxic 

species, since addition of preformed amyloid fibrils to islet cells in culture did not induce cell 

apoptosis, while freshly prepared solutions of IAPP did.
99-103

 However, since most of the studies 

on oligomers are performed in vitro, the in vivo role of IAPP oligomers is still controversial and 
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the effects of mature IAPP amyloid fibrils on β-cell failure in type 2 diabetes cannot be ruled 

out.
104

 

Multiple mechanisms of IAPP induced β-cell death and decrease in islet volume have been 

proposed including; ER stress, defects in autophagy, the enhanced production of pro-

inflammatory cytokines, mitochondrial membrane damage, activation of calpain-2, receptor-

mediated mechanisms linked to oxidative stress, and the activation of cell death signaling 

pathways.
105-112

 

IAPP toxicity has also been linked to disruption of the plasma membrane. There are a 

number of in vitro studies showing that exogenously added IAPP perturbs cell membranes and 

leads to cell death, but the mechanism of IAPP induced membrane disruption is controversial.
103, 

113, 114
 Some studies support a pore formation scenario, in which prefibrillar oligomers insert into 

the cell membrane and form ion-channel like structures, while others argues  that fibril extension 

on the membrane surface leads to invagination and membrane disruption (Figure 1.6).
113, 115-117

 

However, it is worth noting that the majority of these studies were performed in vitro with 

artificial model membranes, and the ability of IAPP to permeabilize membranes depends on the 

lipid composition, pH, ionic strength and lipid to peptide ratio. For example, there is a stronger 

interaction of IAPP with model membranes with anionic lipids, while most of the model 

membranes used have a much larger fraction of anionic lipids than physiological composition in 

the β-cell membrane.
118

 Moreover, most model membranes do not contain cholesterol or 

gangliosides which are important components mediating hIAPP membrane interactions.
114, 119

 

Therefore, considerable caution should be taken when interpreting these in vitro results. 

Membrane disruption has been used in some studies to represent cell toxicity, but recent work 

that I have collaborated on has proven that many non-amyloidgenic peptides were effective at 
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inducing leakage of standard model membranes without leading to cell death. Thus there is no 

one-to-one correlation between membrane disruption and cell toxicity, demonstrating that more 

investigations needed to be conducted to reveal the role of membrane disruption in IAPP 

cytotoxicity.
120

 

1.2.4 The Primary Sequence of IAPP and Amyloid Formation 

As mentioned previously, IAPP sequences from different species differ mostly in the 20-29 

region, and this segment was initially proposed to be the amyloid core. Non-amyloidgenic forms 

of IAPP all have one or multiple prolines, a well-known β-sheet breaker, in this region (Figure 

1.5). Several designed mutants of hIAPP with single or multiple Pro substitutions in this region 

were also reported to be non-amyloidgenic and function as inhibitors of in vitro hIAPP amyloid 

formation, such as I26P-IAPP, G24P-IAPP and G24P, I26P-IAPP.
121, 122

 Pramlintide, a non-

amyloidgenic peptide that contains the same Pro substitutions as in rat IAPP, has been approved 

by the FDA as an adjunct drug to insulin therapy.
123

 A variant of hIAPP which contains double 

substitutions of unnatural N-methylated amino acids in this region has been reported to be one of 

the most potent peptide inhibitors of hIAPP amyloid formation in vitro.
124

 More discussions on 

the mechanism of these peptide inhibitors are included in section 1.2.7. In addition, the only 

reported mutation in the human IAPP gene, S20G IAPP, also occurs to this region.  This 

mutation has been found in Asian populations, and has been suggested to increase the risk of 

developing type 2 diabetes, along with accelerating amyloid formation in vitro.
53, 125, 126

 These 

findings seem to support the proposed dominant role of segment 20-29 in the amyloid formation 

by IAPP, but other studies have suggested that the situation is more complicated. Pro 

substitutions outside of the 20-29 region also abolish amyloid formation, and IAPP fragments 
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that do not contain the 20-29 region are also able to form amyloid.
127, 128

 Thus, the 20-29 region 

is not the only factor governing IAPP amyloid formation in vitro.  

The rate of IAPP amyloid formation is pH dependent, this is attributed to its N-terminus 

and a His at position 18. IAPP has been shown to aggregate more slowly at acidic pH when H18 

is protonated. The increased charge is thought to impede initial oligomerization.
129-131

 Mature 

IAPP is first stored in the β-cell granules at a pH of 5.5, and then secreted into the extracellular 

space where the pH is 7.4. His-18 is the only titratable residue over this pH range, and this could 

play a role in islet amyloid formation.
129

 The N-terminus likely also titrates over this pH range, 

which will contribute to the observed pH dependent effects.
131

 IAPP amyloid is rarely found in 

non-diabetic individuals, hence there must be other factors contributing to the islet amyloid 

initiation. In a research project of mine, we took advantage of the β-sheet disruption properties of 

Pro and the pH sensitivity of residue 18 to design non-amyloidgenic IAPP analogs with better 

solubility at neutral pH. These molecules may be promising drug leads for adjunct therapy with 

insulin for diabetes patients. That project is summarized in chapter 5. 

There are three aromatic residues in the IAPP sequence: F15, F23 and Y37. Thus, 

aromatic-hydrophobic and aromatic-aromatic interactions have been suggested to play a role in 

IAPP amyloid formation.
132, 133

 However, studies on peptides with aromatic to Leu substitutions 

of IAPP sequence demonstrated that aromatic residues are not required for amyloid formation, 

either by the full length polypeptide, or by the fragments originally able to form amyloid.
127, 134, 

135
 Even though aromatic-aromatic interactions are not necessary for IAPP amyloid formation, 

they might play a role in dictating the structure of the amyloid fibril since replacement of 

aromatic residues alters kinetics of amyloid assembly and fibril morphology.  
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1.2.5 Factors Other than IAPP in Islet Amyloid Formation 

Amyloid formation takes places in a heterogeneous environment in vivo with the potential 

for interactions with membranes and with components of the extracellular matrix, mainly 

glycosaminoglycans (GAGs). Interestingly, these two components have been shown to accelerate 

amyloid formation in vitro. The mechanism of their enhancing effects are not fully understood, 

but electrostatic interactions of positively charged IAPP and negatively charged GAG or model 

lipid membranes is believed to play an important role. 

Model membranes of varying lipid compositions have been used to test amyloid formation. 

This includes simple models only consisted of anionic lipids, mixtures of anionic lipids with 

zwitterionic lipids, and more complicated and physiologically relevant models containing lipid 

rafts. All have been shown to accelerate IAPP amyloid formation in vitro, and more highly 

charged systems have a larger effect.
118, 119, 136-138

 As mentioned previously, caution should be 

taken when transposing these in vitro results into the in vivo situations due to the lack of 

resemblance of  the model membranes to the β-cell membrane.  

Immunohistochemical studies have shown that heparan sulfate proteoglycan (HSPG) 

perlecan is found in islet amyloid deposits isolated from patients with type 2 diabetes, and the 

glycosaminoglycan (GAG) component of HSPG, heparan sulfate (HS) accelerates amyloid 

formation by both IAPP and proIAPP1-48 in vitro.
50, 139, 140

 More specifically, it has been reported 

that N-terminal region of proIAPP binds to HSPG.
141

 One proposed mechanism of islet amyloid 

formation involves HSPGs, and suggests that improperly processed N-terminal extensions of 

proIAPP bind to HSPG upon secretion to the extracellular space, seeding further amyloid 

formation by IAPP.
141

 This proposal is supported by studies demonstrating that fragments 

corresponding to the first 22 and first 30 residues of proIAPP which, are nonamyloidogenic in 



 

- 12 - 

 

isolation  form amyloid fibrils upon interaction with HS, and that amyloid fibrils formed by 

proIAPP1-48 in the presence of HS are capable of seeding amyloid formation by mature IAPP.
50, 

140
 A schematic diagram depicting this mechanism, adapted from reference 140, is shown in 

Figure 1.8. One of my research projects is to investigate the effects of GAGs and the importance 

of GAG-peptide interaction in amyloid formation. The results are summarized in chapter 3. 

1.2.6 Models of IAPP Amyloid Fibril Structure 

Two atomic level models, developed separately from solid state NMR studies (Tycko 

model) and X-ray crystallographic studies of IAPP fragments (Eisenberg model), have been 

proposed for the structure of IAPP fibrils.
142-144

 Some common structures are shared by both 

models including a parallel, in-register arrangement of the β-strands, protofibrils consisted of two 

columns of IAPP monomers and a U-shaped structure adopted by each monomer.
74

 The U-shape 

of each monomer is constructed by two β-strands connected by a loop, and the β-strands form 

intermolecular hydrogen bonds with neighboring polypeptide chains within the same column 

(Figure 1.9).
74

 In the Tycko model, each U-shape chain consists of one β-strand encompassing 

residues 8-17 and the other comprised of residues 28-37, connected by a loop involving residues 

18-27.
142

 Two structures disagreeing on the register of side-chain orientations were derived from 

the experimental NMR data, one has Arg 11 projecting into the monomer core, while the other 

with Arg 11 solvent-exposed. The second structure is more convincing since Arg has a charged 

side chain (Figure 1.9). 

The Eisenberg model was derived from crystallographic studies of short fragments of 

IAPP that form “steric zippers”. It differs from the Tycko model mainly in how the two columns 

of hIAPP monomers pack against each other and in the location of the C-terminal β-strand. In the 

Eisenberg model, two tightly interdigitated β-sheets form “steric zipper”, which is proposed to be 
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the fundamental unit of amyloid-like fibrils.
143, 144

 The N-terminal β-strand in the Eisenberg 

model comprises of residues 8-17, and the C-terminal β-strand is made up of residues 23 to 37. 

An illustration of these two models is included in Figure 1.9. 

1.2.7 Inhibitors of IAPP Amyloid Formation 

Due to its significant impact in type 2 diabetes, inhibition of amyloid formation by IAPP 

has therapeutic potential, and thus the search for IAPP amyloid inhibitors is an active area of 

research. Various inhibitors that slower or abolish IAPP amyloid information in vitro have been 

reported and several of them have been shown to reduce cell cytotoxicity, but none have been 

approved by FDA, and most are not drug-like, and /or require a large excess to be effective. 

Most inhibitors fall into two categories, peptide inhibitors based on the sequence of IAPP, 

and small-molecule inhibitors. As mentioned earlier, rIAPP and several rationally designed 

polypeptides with single or multiple substitutions of Pro, or unnatural amino acid within 20-29 

region of IAPP sequence, have been rendered non-amyloidgenic and function as inhibitors of 

IAPP amyloid formation.
121, 122, 124, 145

 Pramlintide, a FDA approved drug for diabetes patients, 

also belongs to this category. There is not a thorough understanding of the mechanism of these 

polypeptides, but all of them are believed to share a so-called “β-breaker” feature, that is, a 

molecule which combines a recognition element, usually a recognition region resembling the 

relevant sequence of IAPP, with an entity containing amino acids unfavored for β-sheet structure 

that inhibits β-sheet formation. A research project of mine investigated this design strategy using 

a set of polypeptide inhibitors including pramlintide and rIAPP, and helped elucidate the factors 

leading to optimum peptide based inhibitors. The project is summarized in chapter 4. 
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Several polyphenol and sulfonated triphenyl methane derivative small molecule inhibitor 

have also been reported.
21, 146-150

 Among them, a polyphenol inhibitor epigallocatechin-3-gallate 

(EGCG) is one of the most potent. EGCG is a green tea-derived flavanol that has been reported 

to inhibit IAPP amyloid formation in vitro, to dissociate pre-formed fibrils into small aggregates 

and to protects cells from IAPP induced toxicity.
21, 146

 EGCG has been proposed to bind to 

unaggregated polypeptides or oligomers at the early aggregation stage and remodel them to off-

pathway non-toxic oligomers.
151

 However, the mode of its action is not fully understood and it is 

not known if the effects are due to the multiple hydroxyl groups of EGCG, its polyphenolic 

character, or its susceptibility to spontaneous modifications.
152

 In one of my research projects, a 

critical examination of inositol stereoisomers have been conducted, which provides clues as to 

the features rendering polyphenol inhibitors effective, and also helps provide information for 

further efforts in rational inhibitor design. The details are discussed in chapter 6. 

It is also worth noting that most of the in vitro inhibitor studies are performed in 

homogeneous solutions, while in vivo islet amyloid formation occurs in heterogeneous solution 

with the potential to interact with lipid membranes or GAGs, as previously mentioned. In one of 

my research projects, the importance of taking GAG-peptide interaction into consideration in 

inhibitor screening was revealed. More details are discussed in chapter 3. 
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1.3 Figures 

 

 

 

 

Figure 1.1 Structures of amyloid fibrils.  

(A) Electron microscopy of negatively stained amyloid fibrils formed by IAPP. Scale bar 

represents 100 nm. (B) Electron microscopy of an IAPP amyloid fibril and a fibril model formed 

by three protofilaments in left handed coils. β-sheet structure is perpendicular to the fibril axis. 

This figure in panel B is taken from reference (4).  
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Figure 1.2 The chemical structure and binding mode of thioflavin-T.  

(A) The chemical structure of thioflavin-T. (B) Representative structure that displays the binding 

mode of thioflavin-T and KLVFFAE, a fragment peptide of Aβ. For clarity, only the β-sheet 

bound to thioflavin-T is shown. The surface side-chains are colored in purple, and the buried 

side-chains are in silver. The backbone of each β-strand is in an arrow. Panel B is taken from 

reference (20). 
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Figure 1.3 Model of nucleation-dependent pathway of amyloid formation.  

Amyloid formation consists of three phases: a nucleation phase/lag phase, in which monomers 

associate to form nuclei and an elongation phase/ growth phase, in which protofibrils rapidly 

form and assembly to mature amyloid fibrils until a plateau where the reaction reaches its 

equilibrium (green curve). The lag phase can be partly or completely bypassed by adding 

preformed seeds (red curve).  For natively folded proteins, an unfolding step of the native 

structures is required before further aggregation. This unfolding step illustrated in the figure is 

not relevant to intrinsically disordered peptide as IAPP. This figure is taken from reference (30). 

This simple diagram does not include secondary nucleation. 
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Figure 1.4 Processing pathway of human proIAPP.  

The N-terminal signal sequence of preproIAPP is shown in blue. The N-terminal and C-terminal 

flanking regions of proIAPP are shown in red. Cleavage of proIAPP occurs at the two dibasic 

sites indicated by blue arrows. The C-terminal region of proIAPP is removed preferentially by 

PC1/3 and the remaining dibasic residues are removed by CPE. Final processing of the C-

terminus includes removal of the remaining Gly and amidation of the Tyr by PAM, leading to 

the processing intermediate proIAPP1-48. The N-terminal region is removed by PC2. There is an 

intramolecular disulfide bond in proIAPP1-48 and in mature IAPP. 
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Figure 1.5 Sequences of IAPP from different species.  

Different residues from the human IAPP sequence are colored in blue. Only partial sequences are 

available for rabbit and hare. The biologically active sequences across species all have a 

disulfide bond between Cys-2 and Cys-7 and an amidated C-terminus. This figure is adapted 

from reference (74). 
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Figure 1.6 Two different mechanism of IAPP membrane disruption.  

One is pore formation mechanism, in which oligomers insert into cell membranes and form 

amyloid pores. The other is detergent or carpeting mechanism, in which fibril extension leads to 

invagination and perforation of membranes. This figure is adapted from reference (53). 
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Figure 1.7 Sequence of G24-N-methyl, I26-N-methyl-IAPP and the chemical structures of 

N-methylated Gly and N-methylated Ile.  

(A) Sequence of G24-N-methyl, I26-N-methyl-IAPP (NMe denotes N-methylation). The peptide 

has an amidated C-terminus and a disulfide bond. (B) Structures of N-methylated Gly and N-

methylated Ile. 
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Figure 1.8 Schematic representation of how proIAPP1-48 and HSPGs contribute to islet 

amyloid formation.  

ProIAPP1-48 with an uncleaved N-terminal flanking region (shaded) bind to HSPGs in the 

extracellular matrix resulting in a high local concentration of peptides. This in turn could act as a 

seed for amyloid formation. This figure is taken from reference (140).  
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Figure 1.9 An illustration of different structural models of IAPP amyloid fibrils.  

(A) Ribbon diagram of the fibril structure with two columns of monomers in symmetry. Panel 

taken from reference (74).  (B & C) All-atom representation of one layer of protofibril of two 

possible models in Tycko model. Hydrophobic residues are labeled in green, polar residues in 

magenta, positively charged residues in blue, and disulfide-lined cysteine residues in yellow. 

These two panels are taken from reference (142). (D & E) Two representations of one layer of 

protofibril in Eisenberg model with emphasis on different residues. Tight “steric zipper” 

interface between two IAPP monomers is shown in panel E. These two panels are taken from 

reference (74)   
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1.4 Table 

Amyloidgenic protein Disease 

Amylin or islet amyloid polypeptide 

(IAPP) 
Type 2 diabetes 

Amyloid β peptide Alzheimer’s disease 

Prion protein Spongiform encephalopaties 

α-Synuclein Parkinson’s disease 

Tau Frontotemporal dementia 

Huntingtin Huntington’s disease 

Superoxide dismutase 1 Amyotrophic lateral sclerosis 

ABri Familial British dementia 

ADan Familial Danish dementia 

Immunoglobulin light chains AL amyloidosis 

Serum amyloid A AA amyloidosis 

Transthyretin Senile systemic amyloidosis 

β2-microglobulin Hemodialysis-related amyloidosis 

N-terminal fragment of apolipoprotein Apo amyloidosis 

Fragments of gelsolin mutants Finnish hereditary amyloidosis 

Mutants of lysozyme Lysozyme amyloidosis 

Variants of fibrinogen α-chain Fibrinogen amyloidosis 

Mutant of cystatin C 
Icelandic hereditary cerebral 

amyloid angiopathy 

Calcitonin 
Medullary carcinoma of the 

thyroid 

Atrial natriuretic  factor Atrial amyloidosis 

Prolactin Pituitary prolactinoma 

Medin Aortic medial amyloidosis 

Lactoferrin 
Corneal amyloidosis associated 

with trichiasis 

γ-Crystallins Cataract 

Lung surfactant protein C Pulmonary alveolar proteinosis 

Keratins Cutaneous lichen amyloidosis 

 

 

Table 1.1 Amyloid formation associated human diseases.
1
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Chapter 2 The Ability of Insulin to Inhibit Amyloid Formation by ProIAPP 

Processing Intermediates Is Significantly Reduced in the Presence of Sulfated 

Glycosaminoglycans. 

Abstract 

Islet amyloid polypeptide (IAPP) is responsible for amyloid deposition in type 2 diabetes 

and plays an important role in the loss of β-cell mass in the disease and in the failure of islet 

transplant, but the mechanism of islet amyloid formation is not understood. The incorrect 

processing of proIAPP to produce partially processed forms of the peptide has been proposed to 

play a role in the initiation of islet amyloid in vivo by promoting interactions with proteoglycans 

of the extracellular matrix. Insulin is a potent inhibitor of amyloid formation by IAPP in vitro in 

homogeneous solution, but its ability to inhibit IAPP in the presence of proteoglycans has not 

been tested, nor has its effect on amyloid formation by proIAPP processing intermediates been 

examined. Here we show that insulin is a much less effective amyloid inhibitor of both IAPP and 

proIAPP processing intermediates in vitro in the presence of model glycosaminoglycans, but 

does inhibit amyloid formation by proIAPP processing intermediates in homogeneous solution. 

This highlights another mechanism by which sulfated proteoglycans could enhance islet amyloid 

formation in vivo. Interactions with sulfated proteoglycans can directly promote amyloid 

formation, and can also significantly reduce the effectiveness of natural inhibitors.  

 

The work in this chapter has been published (Wang H.; Raleigh, D. P. (2014) The ability of 

insulin to inhibit the formation of amyloid by pro-Islet amyloid polypeptide processing 

intermediates is significantly reduced in the presence of sulfated glycosaminoglycans, 
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Biochemistry 53, 2605-2614). This chapter contains direct excerpts from that manuscript, which 

was written by me with the assistance of Prof. Daniel Raleigh. 

2.1 Introduction 

Amyloid formation is a characteristic feature of many human diseases including 

Alzheimer’s disease, Parkinson’s disease and type 2 diabetes.
153, 154

 Human islet amyloid 

polypeptide (IAPP or amylin), is a polypeptide hormone that forms extracellular fibrillar amyloid 

deposits in the pancreatic islets of Langerhans in type 2 diabetes.
155, 156

 IAPP helps regulate 

gastric emptying, suppression of food intake and glucose homeostasis,
55, 56, 137

 but formation of 

islet amyloid contributes to β-cell dysfunction in type 2 diabetes and is associated with the 

reduction in β-cell mass associated with the disease.
76, 80

 Islet amyloid is also an important 

contributing factor to the failure of islet transplantation.
98, 157

 The polypeptide is produced with 

insulin in the β cells as a proform, stored in the insulin secretory granule and co-secreted with 

insulin. Secreted Protein levels are maintained at a ~1:100 ratio of IAPP to insulin in the 

secretory granule of healthy β cells, but the concentration of IAPP in the granule is still much 

higher than required to promote rapid amyloid formation in vitro, suggesting that there are 

factors which inhibits its aggregation in the secretory granule. Interactions with insulin have been 

proposed to play such a role in vivo and have been shown to inhibit IAPP amyloid formation in 

vitro.
36-38

 

The mechanisms of islet amyloid formation in type 2 diabetes are still not understood, 

although impairment of the prohormone processing machinery has been conjectured to play an 

important role in the initiation and progression of this process.
49-52

 The in vivo biosynthesis of 

IAPP is described in section 1.2.1.  
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Unprocessed proinsulin and incompletely processed intermediates of proinsulin are present 

in the early phase of type 2 diabetes,
158

 and the same is true for IAPP.
82

 Immunohistochemical 

studies indicate the presence of the N-terminal prosequence of proIAPP in islet amyloid in vivo, 

but not the C-terminal region.
47, 48

 This suggests that incomplete processing results in secretion 

of an intermediate peptide with the N-terminal flanking region of proIAPP, proIAPP1-48, which 

corresponds to the first 48 residues of proIAPP (Figure 1.4). 

Two models have been proposed for how incorrectly processed IAPP might contribute to 

islet amyloid formation. One hypothesis is that the proIAPP processing intermediate forms 

intragranular amyloid that causes cell death and results in the release of amyloid that can seed 

extracellular amyloid formation by secreted mature IAPP.
52

 An alternative model is that release 

of proIAPP1-48 leads to enhanced extracellular amyloid formation by promoting interactions with 

the glycosaminoglycan (GAG) components of heparan sulfate proteoglycans (HSPGs) of the 

extracellular matrix.
50, 141

 The HSPG perlecan is found in islet amyloid deposits isolated from 

patients with type 2 diabetes,
139

 and HSPGs are associated with nearly all types of amyloid 

plaques.
159-168

 The model GAG, heparan sulfate (HS), accelerates amyloid formation by both 

IAPP and proIAPP1-48 in vitro.
50, 140

 In addition, the amyloid fibrils formed by proIAPP1-48 in the 

presence of HS have been shown to seed amyloid formation by IAPP in vitro, supporting the 

hypothesis that proIAPP1-48 may play a role in initiating amyloid formation.
140

  

It is not known whether islet amyloid originates intracellularly or extracellularly and this is 

a controversial question. Studies with transgenic animals that overexpress IAPP suggest an 

intracellular origin, but other studies with islets have shown that amyloid deposition is linked 

with secretion.
53, 169, 170

 In either case, interactions with insulin could be important for inhibiting 

amyloid formation in vivo, either in the granule or immediately after release when the local 
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concentration of IAPP and insulin is high. Insulin is known to be an effective inhibitor of 

amyloid formation by IAPP in vitro, but its effect on amyloid formation by proIAPP1-48 has not 

been investigated and it is possible that less effective inhibition of aggregation by the pro-form 

could play a role in promoting islet amyloid. In addition, the effects of HSPGs or GAGs on the 

ability of insulin to inhibit IAPP or ProIAPP1-48 amyloid formation have not been examined. 

Indeed, there are very few studies which have examined the effectiveness of IAPP inhibitors in 

the presence of sulfated proteoglycans or their GAG components. Here we compare the ability of 

insulin to inhibit amyloid formation by mature IAPP and the incompletely processed 

intermediate proIAPP1-48. We also compare the effect of insulin on amyloid formation by the two 

peptides in the presence of the model GAG, HS. 

2.2 Material and Methods 

 

2.2.3 Peptide Synthesis and Purification 

Peptides were synthesized on a 0.25 mmol scale with an Applied Biosystems 433A Peptide 

Synthesizer and on a 0.1 mmol scale with a CEM Microwave Peptide Synthesizer utilizing 9-

fluornylmethoxycarbonyl (Fmoc) chemistry. Solvents used were ACS-grade. 5-(4’-fmoc-

aminomethyl-3’,5-dimethoxyphenol) valeric acid (PAL-PEG) resin was used to form an 

amidated C-terminus. Fmoc-protected pseudoproline (oxazolidine) dipeptide derivatives were 

used as previously described.
171, 172

 Standard Fmoc reaction cycles were used. The first residue 

attached to the resin, all β-branched residues, the residues directly following a β-branched 

residue, all pseudoproline dipeptide derivatives and the residues directly following pseudoproline 

dipeptide derivatives were double-coupled for the synthesis with the Applied Biosystems 433A 
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Peptide Synthesizer. The microwave assisted synthesis was performed as previously 

described.
172

 The peptides were cleaved from the resin through the use of standard trifluoroacetic 

acid (TFA) methods. Crude peptides were oxidized by dimethyl sulfoxide at room 

temperature.
173

 The peptides were purified via reverse-phase high-performance liquid 

chromatography (RP-HPLC) using a Vydac C18 preparative column. Analytical HPLC was used 

to check the purity of the peptides before each experiment. The masses of the pure peptides were 

confirmed by ionization time-of-flight mass spectrometry. Wild type IAPP expected 3902.9, 

observed 3902.7;   proIAPP1-48 expected 5208.7, observed 5209.4. 

2.2.4 Sample Preparation 

Peptide stock solutions were dissolved in 100% hexafluoroisoproponal (HFIP) at 1.6 mM. 

Human insulin (recombinant, catalog No. I2643) was purchased from Sigma. Stock solutions of 

insulin were first prepared by dissolving insulin into 20 mM Tris-HCl buffer at pH 2 and then 

adding diluted NaOH to adjust the pH to 7.4. Insulin solutions were freshly made before each 

experiment. High molecular weight heparan sulfate (10,000-14,000 Da) was purchased from 

Sigma.  Heparan sulfate stock solutions were prepared by dissolving HS in 20 mM Tris-HCl (pH 

7.4) at 2.2 mg/ml. 

2.2.5 Fluorescence Assays 

Amyloid formation was monitored by thioflavin-T binding assays without stirring at 25°C. 

Fluorescence measurements were performed using a Beckman Coulter DTX 880 plate reader 

with multimode detector with 430 nm excitation and 485 nm emission. For experiments 

conducted in the presence of 2% HFIP, solutions were prepared by diluting filtered stock 

solutions of peptides (0.45 μM Acrodisc syringe filter with GHP membrane) into Tris-HCl buffer 
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and thioflavin-T solution immediately before the measurement. For experiments conducted 

without HFIP, filtered stock solutions were first lyophilized for 22 hrs and then the dry peptide 

was dissolved into Tris-HCl buffer and thioflavin-T solution immediately before the 

measurement. The inhibition experiments were performed by first diluting peptide stock 

solutions (assays with HFIP) or dissolving dry peptides (assays without HFIP) into the buffer, 

followed by the addition of insulin. HS, when present, was added last. The final conditions were 

16 µM peptide and 32 µM thioflavin-T in 20 mM Tris-HCl (pH 7.4). HS, when present, was at 

1.3 μM. 

2.2.6 Circular Dichroism (CD)  

Far-UV CD experiments were performed at 25°C on an Applied Photophysics Chirascan 

CD spectrophotometer. Aliquots from the kinetic experiments were removed at the end of each 

experiment and the spectra were recorded. Spectra were the average of three repeats recorded 

over a range of 190-260 nm, at 1 nm intervals. A 0.1 cm quartz cuvette was used and a 

background spectrum was subtracted from the data. 

2.2.7 Transmission Electron Microscopy (TEM)  

TEM images were collected at the Life Science Microscopy Center at the State University 

of New York at Stony Brook. 15 μL aliquots of the samples used for the kinetic studies were 

removed at the end of each experiment, placed on a carbon-coated 300-mesh copper grid for 1 

min and then negatively stained with saturated uranyl acetate for 1 min. 

2.3 Results and Discussion 
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2.3.1 Insulin Inhibits Amyloid Formation by IAPP and ProIAPP1-48 in a Concentration 

Dependent Manner. 

The ability of insulin to inhibit amyloid formation by IAPP and proIAPP1-48 was tested 

using fluorescence detected thioflavin-T binding assays. These studies were conducted by 

diluting solutions of the peptides solubilized in HFIP into buffer. This is a commonly employed 

approach for biophysical studies of IAPP. Additional experiments were conducted in the absence 

of HFIP. Thioflavin-T experiences a significant increase in its quantum yield upon binding to 

amyloid fibrils and provides a convenient probe to monitor the time course of fibril formation. 

We first examined amyloid formation by different mixtures of IAPP and insulin and observed 

significant effects of insulin on IAPP amyloid formation at sub-stoichiometric concentrations. 

This is consistent with prior studies conducted in the presence of low percentages of HFIP.
37

 The 

results, shown in Figure 2.1, confirm that insulin is an effective inhibitor of IAPP amyloid 

formation. The data are plotted as time normalized by T50 of IAPP in the absence of insulin, 

where T50 is the time required for the amyloid reaction to reach 50% of the final fluorescence 

intensity. The unnormalized data of this figure and some following figures are included in Figure 

2.19-2.24. Insulin was still able to inhibit amyloid formation, albeit weakly, when IAPP was in 

100 fold excess, as indicated by a 1.7 fold longer T50. The effects of insulin became more 

significant as the concentration of insulin increased. In a mixture of IAPP and insulin at a 20 to 1 

ratio (IAPP in 20 fold excess), T50 increased 23 fold under the conditions of these studies. TEM 

images and CD spectra confirmed the existence of fibrils with typical amyloid morphology and 

β-sheet structure at the end of each reaction. This excluded the possibility of false positives from 

the thioflavin-T binding assays (Figure 2.1, 2.10, 2.11). Control experiments conducted with 
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insulin alone confirm that insulin did not form amyloid in the time course of these experiments, 

as judged by thioflavin-T assays and TEM (Figure 2.1). 

The effect of insulin on amyloid formation by proIAPP1-48 was also studied using this 

approach. An increase in T50 was observed for all ratios of proIAPP1-48 to insulin tested and the 

inhibitory effect of insulin was dose dependent. However, insulin was less effective at inhibiting 

amyloid formation by the processing intermediate proIAPP1-48 than by mature IAPP under these 

conditions (Figure 2.2). For example, when the IAPP or proIAPP1-48 to insulin ratio was 20 to 1, 

the T50 of proIAPP1-48 amyloid formation was increased 8.3 fold, while the T50 of IAPP amyloid 

formation was increased by a factor of 23. TEM images and CD spectra confirmed the existence 

of typical fibril structure at the end of each reaction (Figure 2.2, 2.12, 2.13). 

 

2.3.2 Insulin Is a Significantly Less Effective Inhibitor in the Presence of Heparan Sulfate. 

We next conducted inhibition experiments in the presence of the model glycosaminoglycan 

HS. As expected, amyloid formation by IAPP was greatly enhanced in the presence of HS 

consistent with prior reports.
50, 140

 IAPP formed amyloid immediately after the reaction was 

initiated in the presence of HS, and no lag time was observed (Figure 2.3A). TEM images 

confirmed the presence of amyloid fibrils and the fibrils formed in the presence of HS had a very 

similar morphology to those formed in the absence of HS (Figure 2.3). CD confirmed that β-

sheet structure was formed (Figure 2.15).  

Insulin was a much less effective inhibitor when HS was present, although there were 

modest effects on the time required to complete amyloid formation, and the effects of insulin 

were dose dependent. However, even at a 1:5 IAPP to insulin ratio, IAPP formed amyloid 

without an apparent lag phase in the presence of HS (Figure 2.3A). A rapid initial rise in 
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fluorescence intensity was observed followed by a more gradual rise to the final value. Although 

no significant lag phase was observed, even with relatively high concentrations of insulin (1:1 

and 1:5 IAPP to insulin ratios), amyloid formation required several hours to reach completion 

after the initial rapid increase in the thioflavin-T fluorescence intensity. TEM images revealed 

the presence of fibrils at the end of each experiment (Figure 2.3, 2.14). Similar behavior has been 

observed in experiments using other inhibitors in the presence of HS, and has been proposed to 

be due to rapid formation of a GAG-peptide intermediate.
174

 CD spectra of mixtures with a low 

concentration of insulin showed typical β-sheet structure, while those from samples with a higher 

concentration of insulin (1:1 and 1:5 IAPP to insulin ratio) exhibited a broad peak centered at 

219 nm, likely due to contributions from the insulin α-helical structure (Figure 2.15). 

Interestingly, in the presence of HS, the CD signal of either IAPP or mixtures of IAPP and 

insulin appears to be more intense than in the absence of HS (Figure 2.11, 2.15). This may be 

caused by that HS have a solubilizing effect on the aggregates formed so they are less prone to 

bind to the walls of the microplates or segregate to the air water interface or pellet. The exact 

reason for the differencies in the intensity of the CD spectra is not clear, but the shape of the 

spectrum reports on the secondary structure of the soluble aggregates.  

Insulin is also much less effective at inhibiting amyloid formation by proIAPP1-48 in the 

presence of HS (Figure 2.4). Insulin barely showed any inhibitory effect at 20:1 and 5:1 

proIAPP1-48 to insulin ratios in the presence of HS. Increasing the amount of insulin to a ratio of 

1:1 and 1:5 slightly increased the time required to complete amyloid formation, but no lag time 

was observed. TEM images and CD spectra confirmed the results of thioflavin-T fluorescence 

and showed that amyloid was formed (Figure 2.4, 2.16, 2.17). 



 

- 35 - 

 

Insulin is able to aggregate, thus, to exclude the possibility that the results discussed above 

were caused by interactions of insulin with HS, we monitored the thioflavin-T fluorescence of a 

mixture of insulin and HS. No fluorescence increase was observed during the time course of the 

study (Figure 2.3A), and TEM showed that no fibrils were formed (Figure 2.3E). The CD 

spectrum revealed helical structure that is similar to that observed from insulin samples which 

did not contain HS (Figure 2.18). 

 

2.3.3 The Observed Effects Are Not Due to the Presence of Organic Co-solvents. 

The results outlined above were collected using assays with 2% HFIP by volume as a co-

solvent. Even this low percentage of organic solvent accelerates the kinetics of amyloid 

formation by IAPP significantly.
129, 175

 Initial kinetic studies of the effects of insulin on IAPP 

amyloid formation made use of HFIP as a co-solvent,
37

 and subsequent studies showed that 

similar relative effects were obtained in the absence of HFIP in many cases.
41

 We thus compared 

the ability of insulin to inhibit amyloid formation by both IAPP and proIAPP1-48 in the absence 

and presence of HS using a different assay which avoided the use of HFIP in order to exclude the 

possibility that our results were a consequence of the conditions used. Control experiments 

conducted on insulin in the absence of HFIP or IAPP showed that it did not form amyloid under 

these conditions during the time course of the experiments (Figure 2.25). The results showed that 

in the absence of HFIP, at a 1 to 20 ratio (IAPP is in 20 fold excess), insulin increased the T50 of 

IAPP amyloid formation by a factor of 3.3 in homogeneous solution (Figure 2.5A). For 

comparison, insulin at the same ratio increased T50 of IAPP amyloid formation by a factor of 23 

in the presence of HFIP. The reason for the proportionally larger effect in HFIP is not clear, but 

may reflect the acquisition of structure in HFIP that facilitates interactions of IAPP with insulin. 
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Peptide mapping studies have suggested that the region corresponding to residue 7-19 of IAPP 

interacts with insulin. This segment of IAPP has been proposed to form a transient helical 

structure during amyloid formation,
176-180

 and even low levels of HFIP can promote helical 

structure. 

When HS was present, amyloid formation by IAPP was greatly accelerated, as indicated by 

the lack of a lag phase. In addition, insulin was a much less effective inhibitor of IAPP amyloid 

formation in the presence of HS (Figure 2.5B). At a 20 to 1 IAPP to insulin ratio, the time 

required to complete amyloid formation by IAPP was only increased by a factor of 1.3 when HS 

was in the mixture. These results are consistent with the trends observed in the presence of HFIP 

and indicates that the observations are not an artifact caused by residual HFIP. TEM images were 

collected at the end of each experiment and confirmed that amyloid were formed (Figure 2.5). 

Very similar results were obtained with proIAPP1-48. In the absence of HFIP, insulin 

increased the T50 of proIAPP1-48 amyloid formation by 2.7 fold when proIAPP1-48 and insulin 

were at a 20 to 1 ratio in homogenous solution (Figure 2.6A). In contrast, at the same proIAPP1-

48 to insulin ratio, T50 was increased by a factor of 8.3 in the presence of HFIP. 

We also tested the ability of insulin to inhibit amyloid formation by proIAPP1-48 in the 

presence of HS, but in the absence of HFIP. Insulin is a much less effective inhibitor of 

proIAPP1-48 amyloid formation when HS is present. In the presence of HS, proIAPP1-48 

immediately aggregated to form amyloid fibrils without any observable lag phase. The time 

required to complete proIAPP1-48 amyloid formation in the presence of insulin is nearly the same 

as that without insulin (Figure 2.6B). TEM images were collected at the end of each experiment 

and confirmed that amyloid were formed (Figure 2.6). 
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2.4 Conclusions 

The data show that insulin is a potent amyloid inhibitor for both IAPP and the proIAPP1-48 

processing intermediate in homogeneous solutions. Figure 2.7 shows a comparison of the ability 

of insulin to inhibit IAPP and proIAPP1-48 amyloid formation as judged by the T50 values in the 

presence of HFIP. Insulin, at relatively high concentrations, is more potent in slowing amyloid 

formation by IAPP than by proIAPP1-48, and the inhibition of IAPP amyloid formation by insulin 

is more sensitive to changes in the insulin level than is the inhibition of proIAPP1-48 amyloid 

formation. For example, a fivefold change of insulin concentration in the mixture (IAPP to 

insulin ratio ranging from 100:1 to 20:1) lead to a significant increase in the T50 of IAPP amyloid 

formation, from 1.7 to 23 fold relative to IAPP alone. In contrast, increasing the insulin ratio by 

the same amount had a smaller effect on proIAPP1-48; T50 increased from 2.7 to 8.3 fold relative 

to proIAPP1-48 alone. However, insulin is still an effective inhibitor arguing that reduced 

interactions between proIAPP1-48 and insulin relative to IAPP insulin interactions are unlikely to 

account for islet amyloid formation in vivo. 

The effects of insulin on amyloid formation by IAPP and proIAPP1-48 in the presence of 

HS are quantitatively compared in terms of T50 in Figure 2.8. The ability of insulin to inhibit 

amyloid formation is greatly reduced in the presence of HS for both peptides. When peptide and 

insulin are combined at a 20 to 1 ratio, the T50 for amyloid formation by IAPP is increased by 

only a factor of 1.6, and no obvious increase in T50 is observed for proIAPP1-48. Even at the 

highest concentrations of insulin (1:1 and 1:5 IAPP or proIAPP1-48 to insulin ratio), T50 is 

increased by less than 3 fold for both peptides in the presence of HS. Amyloid formation by 

IAPP is slightly more effectively inhibited than is amyloid formation by proIAPP1-48 in the 
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presence of HS. However, insulin is clearly a significantly worse inhibitor of amyloid formation 

by either peptide in the presence of HS.  

Our control experiments show that the results are not due to the presence of HFIP. Insulin 

is a much less effective inhibitor of amyloid formation in the presence of HS even in the absence 

of HFIP. The results are summarized in Figure 2.9. The T50 for amyloid formation of IAPP and 

proIAPP1-48 in the absence of HFIP is increased by 3.3 and 2.7 fold respectively at a 20 to 1 ratio 

of IAPP or proIAPP1-48 to insulin in homogeneous solution. However, in the presence of HS, 

insulin, at the same ratio, only increased the time required for IAPP amyloid formation by a 

factor of 1.3, while the kinetics of proIAPP1-48 amyloid formation was virtually unaltered. No lag 

phase was observed for the amyloid formation by either IAPP or proIAPP1-48 even at a 20 to 1 

IAPP or proIAPP1-48 to insulin ratio.  

HS is not the only factor that can accelerate IAPP amyloid formation. Anionic vesicles also 

catalyze amyloid formation by IAPP. Insulin still inhibits the process in the presence of anionic 

model membranes,
41, 181

 however, it is noticeably less effective.
41

 Those studies, together with 

the present work highlight the importance of considering the role of the heterogeneous 

environment in amyloid formation. The deleterious effects of HS on insulin’s ability to act as an 

amyloid inhibitor could be due to stronger interactions of IAPP or proIAPP1-48 with HS, than 

with insulin. Alternatively, HS might bind to insulin and sequester the inhibitor, or both effects 

could play a role. The data presented here clearly shows that HS accelerates amyloid formation 

by proIAPP1-48 and IAPP, and this has been established to occur via direct interactions between 

the peptides and the GAG.
47,57

 These observations, plus the fact that HS did not induce insulin 

amyloid formation under the conditions of our studies, suggest that interactions with HS of IAPP 

or proIAPP1-48 out compete interactions between insulin and IAPP or proIAPP1-48. 
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Our observations suggest another mechanism by which HS can promote amyloid 

formation. Proteoglycans can accelerate amyloid formation by direct interactions with proIAPP1-

48 or IAPP and can also significantly reduce the inhibitory effects of insulin. 
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2.5 Figures 

 

 

 

 

 

 

                           

 

 

 

                                                    

 

Figure 2.1 Inhibition of IAPP amyloid formation by insulin.  

(A) The results of thioflavin-T binding assays are displayed. The data is plotted as time 

normalized by T50 of IAPP in the absence of insulin. Black, IAPP; red, IAPP and insulin at a 20 

to 1 ratio; green, IAPP and insulin at a 40 to 1 ratio; blue, IAPP and insulin at a 60 to 1 ratio; 

pink, IAPP and insulin at an 80 to 1 ratio; cyan, IAPP and insulin at a 100 to 1 ratio; brown, 

insulin alone at 0.8 µM. (B) TEM image of IAPP. (C) TEM image of a 20:1 mixture of IAPP and 

insulin. IAPP is in 20 fold excess. (D) TEM image of insulin alone at 0.8 µM. Aliquots were 

removed at the end of each reaction for TEM analysis. Scale bars represent 100 nm. The kinetic 

experiments were conducted in 20 mM Tris-HCl (pH 7.4) and 2% HFIP (v/v) without stirring at 

25 °C. The concentration of IAPP was 16 µM. 

 

 

 

 

 

T/T50(IAPP)

0 10 20 30 40 50

F
lu

o
re

s
c
e

n
c
e

 i
n

te
n

s
it
y
 (

A
.U

.)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

B C 

A 

D 



 

- 41 - 

 

 

 

 

 

 

 

 

 

 

                                      

 

Figure 2.2 Inhibition of proIAPP1-48 amyloid formation by insulin.  

(A) The results of thioflavin-T binding assays are displayed. The data is plotted as time 

normalized by T50 of proIAPP1-48 in the absence of insulin. Black, proIAPP1-48; red, proIAPP1-48 

and insulin at a 20 to 1 ratio; green, proIAPP1-48 and insulin at a 40 to 1 ratio; blue, proIAPP1-48 

and insulin at a 60 to 1 ratio; pink, proIAPP1-48 and insulin at an 80 to 1 ratio; cyan, proIAPP1-48 

and insulin at a 100 to 1 ratio. (B) TEM image of proIAPP1-48. (C) TEM image of a 20:1 mixture 

of proIAPP1-48 and insulin. proIAPP1-48 is in 20 fold excess. Aliquots were removed at the end of 

each reaction for TEM analysis. Scale bars represent 100 nm. The kinetic experiments were 

conducted in 20 mM Tris-HCl (pH 7.4) and 2% HFIP (v/v) without stirring at 25 °C. The 

concentration of proIAPP1-48 was 16 µM. 
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Figure 2.3 The effects of insulin on amyloid formation by IAPP in the presence of HS.  

(A) The results of thioflavin-T binding assays are displayed. The data is plotted as time 

normalized by T50 of IAPP in the presence of HS, but in the absence of insulin. Black, IAPP in 

the presence of HS; red, IAPP and insulin at a 20 to 1 ratio in the presence of HS; green, IAPP 

and insulin at a 5 to 1 ratio in the presence of HS; blue, IAPP and insulin at a 1 to 1 ratio in the 

presence of HS; pink, IAPP and insulin at a 1 to 5 ratio in the presence of HS; brown, a mixture 

of insulin at 80 µM and HS at 1.3 µM. (B) An expansion of the first 5 time units of panel A. The 

same color coding is used. (C) TEM image of IAPP in the presence of HS. (D) TEM image of a 

1:5 mixture of IAPP and insulin in the presence of HS. Insulin is in 5 fold excess. (E) TEM 

image of the insulin HS mixture. Aliquots were removed at the end of each reaction for TEM 

analysis. Scale bars represent 100 nm. The kinetic experiments were conducted in 20 mM Tris-

HCl (pH 7.4) and 2% HFIP (v/v) without stirring at 25 °C. The concentration of IAPP was 16 

µM. HS was at 1.3 µM. 
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Figure 2.4 The effects of insulin on amyloid formation by proIAPP1-48 in the presence of 

HS.  

(A) The results of thioflavin-T binding assays are displayed. The data is plotted as time 

normalized by T50 of proIAPP1-48 in the presence of HS, but in the absence of insulin. Black, 

proIAPP1-48 in the presence of HS; red, proIAPP1-48 and insulin at a 20 to 1 ratio in the presence 

of HS; green, proIAPP1-48 and insulin at a 5 to 1 ratio in the presence of HS; blue, proIAPP1-48  

and insulin at a 1 to 1 ratio in the presence of HS; pink, proIAPP1-48  and insulin at a 1 to 5 ratio 

in the presence of HS. (B) An expansion of the first 5 time units of panel A. The same color 

coding is used. (C) TEM image of proIAPP1-48 in the presence of HS. (D) TEM image of a 1:5 

mixture of proIAPP1-48 and insulin in the presence of HS. Insulin is in 5 fold excess. Aliquots 

were removed at the end of each reaction for TEM analysis. Scale bars represent 100 nm. The 

kinetic experiments were conducted in 20 mM Tris-HCl (pH 7.4) and 2% HFIP (v/v) without 

stirring at 25 °C. The concentration of proIAPP1-48 was 16 µM. HS was at 1.3 µM. 
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Figure 2.5 Inhibition of IAPP amyloid formation by insulin in the presence and absence of 

HS in buffer without HFIP.  

(A) Inhibition in the absence of HS monitored by thioflavin-T assays. Black, IAPP; red, IAPP 

and insulin at a 20 to 1 ratio. Data is plotted as time normalized by T50 value of IAPP in the 

absence of insulin. (B) Inhibition in the presence of HS monitored by thioflavin-T assays. Data is 

plotted as time normalized by T50 value of IAPP in the presence of HS, but in the absence of 

insulin. The same color coding is used here as in panel A. (C) TEM image of IAPP in the 

absence of HS. (D) TEM image of a 20:1 mixture of IAPP and insulin in the absence of HS, 

IAPP was in 20 fold excess. (E) TEM image of IAPP in the presence of HS. (F) TEM image of a 

20:1 mixture of IAPP and insulin in the presence of HS, IAPP was in 20 fold excess. Scale bars 

represent 100 nm. Aliquots were removed at the end of each experiment for TEM analysis. The 

kinetic experiments were conducted in 20 mM Tris-HCl (pH 7.4) without stirring at 25 °C. The 

concentration of IAPP was 16 µM. HS was at 1.3 µM when present. 
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Figure 2.6 Inhibition of proIAPP1-48 amyloid formation by insulin in the presence and 

absence of HS in buffer without HFIP. 

(A) Inhibition in the absence of HS monitored by thioflavin-T assays. Data is plotted as time 

normalized by T50 value of proIAPP1-48 in the absence of insulin. Black, proIAPP1-48; red, 

proIAPP1-48 and insulin at a 20 to 1 ratio. (B) Inhibition in the presence of HS monitored by 

thioflavin-T assays. Data is plotted as time normalized by T50 value of proIAPP1-48 in the 

presence of HS, but in the absence of insulin. The same color coding is used here as in panel A. 
(C) TEM image of proIAPP1-48  in the absence of HS. (D) TEM image of a 20:1 mixture of 

proIAPP1-48 and insulin in the absence of HS. (E) TEM image of proIAPP1-48 in the presence of 

HS. (F) TEM image of a 20:1 mixture of proIAPP1-48 and insulin in the presence of HS. Scale 

bars represent 100 nm. Aliquots were removed at the end of each experiment for TEM analysis. 

The kinetic experiments were conducted in 20 mM Tris-HCl (pH 7.4) without stirring at 25 °C. 

The concentration of proIAPP1-48 was 16 µM. HS was at 1.3 µM when present. 
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Figure 2.7 Bar graph comparing the T50 values for amyloid formation by IAPP and 

proIAPP1-48 in the presence of 2% HFIP at different ratios of IAPP or proIAPP1-48
 
to 

insulin.  

Black bars, mixtures of IAPP and insulin; grey bars, mixtures of proIAPP1-48 and insulin. Values 

of T50 were derived from the kinetic curves shown in Figure 2.1 and Figure 2.2. Data is plotted 

as T50 normalized by the value of T50 of either IAPP or proIAPP1-48 in the absence of insulin. 

Experiments were conducted in 20 mM Tris-HCl (pH 7.4) and 2% HFIP (v/v) without stirring at 

25 °C. The concentration of IAPP or proIAPP1-48 was 16 µM. 
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Figure 2.8 Bar graph comparing the T50 values for amyloid formation in buffer with HFIP 

for mixtures of IAPP with insulin and for mixtures of proIAPP1-48 with insulin in the 

presence of HS.  

Values are plotted for different IAPP, proIAPP1-48 to insulin ratios. Black bars, mixtures of IAPP 

and insulin in the presence of HS; grey bars, mixtures of proIAPP1-48 and insulin in the presence 

of HS. The data is plotted as T50 normalized by the T50 value of either IAPP or proIAPP1-48 in the 

presence of HS, but in the absence of insulin. Values of T50 were derived from the kinetic curves 

in Figure 2.3 and Figure 2.4. Experiments were conducted in 20 mM Tris-HCl (pH 7.4) and 2% 

HFIP (v/v) without stirring at 25 °C. The concentration of IAPP or proIAPP1-48 was 16 µM. HS 

was at 1.3 µM. 
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Figure 2.9 Bar graph comparing the T50 values for amyloid formation by mixtures of IAPP 

with insulin and mixtures of proIAPP1-48 with insulin in the absence of HFIP.  

(A) HS is absent in the assay. The data is plotted as T50 normalized by the T50 value of IAPP or 

proIAPP1-48 in the absence of insulin. (B) HS is present in the assay. The data is plotted as T50 

normalized by the T50 value of IAPP or proIAPP1-48 in the presence of HS without insulin. IAPP 

or proIAPP1-48 to insulin ratio was 20 to 1. Black bars, mixtures of IAPP and insulin; grey bars, 

mixtures of proIAPP1-48 and insulin. Values of T50 were derived from the kinetic curves in figure 

2.5 and figure 2.6. The kinetic experiments were conducted in 20 mM Tris-HCl (pH 7.4) without 

stirring at 25 °C. The concentration of IAPP or proIAPP1-48 was 16 µM. HS was at 1.3 µM when 

present. 
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Figure 2.10 TEM images of mixtures of IAPP and insulin at different ratios of IAPP to 

insulin in the absence of HS.  

The images correspond to time points at the end of the reactions displayed in Figure 2.1. (A) 

TEM image of a 100:1 mixture of IAPP and insulin, IAPP was in 100 fold excess. (B) TEM 

image of a 80:1 mixture of IAPP and insulin, IAPP was in 80 fold excess. (C) TEM image of a 

60:1 mixture of IAPP and insulin, IAPP was in 60 fold excess. (D) TEM image of a 40:1 mixture 

of IAPP and insulin, IAPP was in 40 fold excess. Scale bars represent 100 nm. Aliquots were 

removed at the end of each experiment for TEM analysis. 
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Figure 2.11 CD spectra of mixtures of IAPP and insulin at different ratios of IAPP to 

insulin in the absence of HS.  
The spectra correspond to time points at the end of the reactions displayed in Figure 2.1. The 

color coding used here is the same as in Figure 2.1. Aliquots were removed at the end of each 

kinetic experiment. 
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Figure 2.12 TEM images of mixtures of proIAPP1-48 and insulin mixtures at different 

ratios of proIAPP1-48 to insulin in the absence of HS.  
The images correspond to time points at the end of the reactions displayed in Figure 2.2. (A) 

TEM image of a 100:1 mixture of proIAPP1-48 and insulin, proIAPP1-48 was in 100 fold excess. 

(B) TEM image of an 80:1 mixture of proIAPP1-48 and insulin, proIAPP1-48 was in 80 fold 

excess. (C) TEM image of a 60:1 mixture of proIAPP1-48 and insulin, proIAPP1-48 was in 60 fold 

excess. (D) TEM image of a 40:1 mixture of proIAPP1-48 and insulin, proIAPP1-48 was in 40 fold 

excess. Scale bars represent 100 nm. Aliquots were removed at the end of each experiment for 

TEM analysis.  
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Figure 2.13 CD spectra of mixtures of proIAPP1-48 and insulin at different ratios of 

proIAPP1-48 to insulin in the absence of HS.  

The spectra correspond to the time points at the end of the reactions displayed in Figure 2.2. The 

color coding used here is the same as in Figure 2.2. Aliquots were removed at the end of each 

kinetic experiment. 
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Figure 2.14 TEM images of mixtures of IAPP and insulin at different ratios of IAPP to 

insulin in the presence of HS.  
The images correspond to the time points at the end of the reactions displayed in Figure 2.3. (A) 

TEM image of a 20:1 mixture of IAPP and insulin, IAPP was in 20 fold excess. (B) TEM image 

of a 5:1 mixture of IAPP and insulin, IAPP was in 5 fold excess. (C) TEM image of a 1:1 

mixture of IAPP and insulin. Scale bars represent 100 nm. Aliquots were removed at the end of 

each experiment for TEM analysis. 
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Figure 2.15 CD spectra of the mixture of IAPP and insulin at different ratios of IAPP to 

insulin in the presence of HS.  
The spectra correspond to the time points at the end of the reactions displayed in Figure 2.3. The 

color coding used here is the same as in Figure 2.3. Aliquots were removed at the end of each 

kinetic experiment. 
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Figure 2.16 TEM images of mixtures of proIAPP1-48 and insulin at different ratios of 

proIAPP1-48 to insulin in the presence of HS.  
The images correspond to the time points at the end of the reactions displayed in Figure 2.4. (A) 

TEM image of a 20:1 mixture of proIAPP1-48 and insulin, proIAPP1-48 was in 20 fold excess. (B) 

TEM image of a 5:1 mixture of proIAPP1-48 and insulin, proIAPP1-48 was in 5 fold excess. (C) 

TEM image of a 1:1 mixture of proIAPP1-48 and insulin. Scale bars represent 100 nm. Aliquots 

were removed at the end of each experiment for TEM analysis. 
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Figure 2.17 CD spectra of the mixture of proIAPP1-48 and insulin at different ratios of 

proIAPP1-48 to insulin in the presence of HS.  
The spectra correspond to the time points at the end of the reactions displayed in Figure 2.4. The 

color coding used here is the same as in Figure 2.4. Aliquots were removed at the end of each 

kinetic experiment. 
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Figure 2.18 CD spectra of insulin in the absence of HS and of a mixture of insulin and HS.  

(A) The spectrum corresponds to the time point at the end of the reaction displayed as the brown 

curve in Figure 2.3. An aliquot was removed at the end of the kinetic experiment shown in 

Figure 2.3. The kinetic experiment was conducted in 20 mM Tris-HCl (pH 7.4) and 2% HFIP 

(v/v) without stirring at 25 °C. (B) The spectrum of insulin without HS and without any 

incubation. Insulin was at 80 µM and HS was at 1.3 µM, when present. 
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Figure 2.19 Plot of the unnormalized data displayed in Figure 2.1A. 
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Figure 2.20 Plot of the unnormalized data displayed in Figure 2.2A. 
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Figure 2.21 Plot of the unnormalized data displayed in figure 2.3A. 
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Figure 2.22 Plot of the unnormalized data displayed in Figure 2.4A. 
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Figure 2.23 Plot of the unnormalized data displayed in (A) Figure 2.5A and (B) Figure 

2.5B. 
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Figure 2.24 Plot of the unnormalized data displayed in (A) Figure 2.6A and (B) Figure 

2.6B. 
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Figure 2.25 Insulin does not form amyloid during the time course of the experiments 

conducted in the absence of HFIP.  

(A) Thioflavin-T curve recorded for a sample of insulin in the absence of IAPP, HS and HFIP. 

(B) Thioflavin-T curve recorded for a sample of insulin in the presence of HS, but without IAPP 

or HFIP. Kinetic experiments were conducted in 20 mM Tis-HCl (pH 7.4) without stirring at 25 

°C. The concentration of insulin was 0.8 µM. HS, when present, was at 1.3 µM. No HFIP was 

present. (C) TEM image of a sample removed at the end of the curve shown in panel A. (D) 

TEM image of a sample removed at the end of the curve shown in panel B. Scale bars represent 

50 nm. 
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Chapter 3 Amyloid Formation in Heterogeneous Environments: Islet Amyloid 

Polypeptide Glycosaminoglycan Interactions. 

Abstract 

Amyloid formation plays an important role in a broad range of diseases and the search for 

amyloid inhibitors is an active area of research. Amyloid formation takes places in a 

heterogeneous environment in vivo with the potential for interactions with membranes and with 

components of the extracellular matrix. Naturally occurring amyloid deposits are associated with 

sulfated proteoglycans and other factors. However, the vast majority of in vitro assays of 

amyloid formation and amyloid inhibition are conducted in homogeneous solution where the 

potential for interactions with membranes or sulfated proteoglycans is lacking and it is possible 

that different results may be obtained in heterogeneous environments. We show that variants of 

islet amyloid polypeptide, which are non-amyloidgenic in homogeneous solution, can be readily 

induced to form amyloid in the presence of glycosaminoglycans. Glycosaminoglycans are found 

to be more effective than anionic lipid vesicles at inducing amyloid formation on a per charge 

basis. Several known inhibitors of IAPP amyloid formation are shown to be less effective in the 

presence of glycosaminoglycans. 

 

The work in this chapter has been published (Wang, H., Cao, P., and Raleigh, D. P. (2013) 

Amyloid formation in heterogeneous environments: islet amyloid polypeptide 

glycosaminoglycan interactions, J. Mol. Biol. 425, 492-505). This chapter contains direct 
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excerpts from that manuscript, which was written by me with the assistance of Prof. Daniel 

Raleigh and Dr. Ping Cao. 

3.1 Introduction 

Amyloid fiber formation, the aggregation of normally soluble proteins into partially 

ordered β-rich structures, plays a role in a broad range of diseases including type 2 diabetes and 

Alzhermer’s disease.
153, 154

 Amyloid, or the process of its formation contributes to the pathology 

of many diseases
99, 182, 183 

and the search for inhibitors of amyloid formation is an active area of 

research.
121, 122, 124, 150, 184-186

 

Amyloid formation takes places in a heterogeneous environment in vivo with the potential 

for interactions with membranes and with components of the extracellular matrix. All naturally 

occurring amyloid deposits are associated with sulfated proteoglycans and other factors.
139, 159, 

160, 163, 165, 187
 However, the vast majority of in vitro assays of amyloid formation and amyloid 

inhibition are conducted in homogeneous solution where the potential for interactions with 

membranes or sulfated proteoglycans is lacking and it is possible that different results may be 

obtained in heterogeneous environments. In addition, studies of proteins in buffer have been 

widely used to develop propensity scales for amyloid formation,
188-190

 but it is not certain that 

these scales will have the same quantitive predictive power in heterogeneous environments.  

Islet amyloid polypeptide (IAPP, also known as amylin) forms pancreatic islet amyloid 

deposits in type-2 diabetes. IAPP amyloid formation is toxic to cultured cells, suggesting that it 

contributes to the disease by leading to β-cell dysfunction and death.
76, 80, 155, 191, 192

 Recent work 

also implicates amyloid formation as a cause of graft failure in islet cell transplantation.
98, 157

 A 

wide range of studies have shown that model membranes which contain anionic lipids accelerate 
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amyloid formation by IAPP,
136, 193, 194

 but less is known about the effects of glycosaminoglycans 

(GAGs) on IAPP amyloid formation. Immunohistochemical studies have shown that heparan 

sulfate proteoglycans are associated with islet amyloid isolated from patients with type 2 

diabetes,
139

 and GAGs can enhance amyloid formation by human proIAPP processing 

intermediates and by human IAPP.
50, 140

 IAPP is one of the most amyloidgenic naturally 

occurring polypeptides, but it is not known if GAGs can induce amyloid formation in apparently 

non-amyloidgenic variants of IAPP, nor, with a few exceptions, have the effects of GAGs on 

IAPP inhibitors been generally considered. Here we examine the effects of GAGs on two 

apparently non-amyloidgenic variants of IAPP and study the impact of GAGs on IAPP 

inhibitors. The I26P point mutant of human IAPP (I26P-IAPP), renders the protein non-

amyloidgenic and converts it into an inhibitor of amyloid formation by wild type IAPP.
121

 The 

doubly N-methylated variant of human IAPP, G24-N-Methyl, I26-N-Methyl-IAPP (NMe-G24, 

NMe-I26-IAPP), is a potent inhibitor of IAPP amyloid formation in homogeneous solution and is 

itself not amyloidogenic.
124

 The mode of action of these inhibitors is not known, but the 

substitutions are located in a region of the chain which has been highlighted as important for 

amyloid formation.
67, 195

 We show that these two variants of IAPP can be readily induced to form 

amyloid by GAGs and that GAGs are more effective than model lipid micelle systems in 

inducing them to form amyloid. We also demonstrate that some potent inhibitors of IAPP 

amyloid formation are less effective in the presence of GAGs. Polypeptide-GAG interactions 

have been postulated to play an important role in islet amyloid formation in vivo,
139-141, 159, 160, 164, 

165, 196-198
 and our results highlight the importance of considering these effects in vitro and in 

inhibitor design. 
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3.2 Materials and Methods 

3.2.1 Peptide Synthesis and Purification  

Peptides were synthesized on a 0.25 mmol scale using a CEM Liberty Microwave Peptide 

Synthesizer utilizing 9-fluornylmethoxycarbonyl (Fmoc) chemistry. 5-(4’-fmoc-aminomethyl-

3’,5-dimethoxyphenol) valeric acid (PAL-PEG) resin was used to form an amidated C-terminus. 

Fmoc protected pseudoproline (oxazolidine) dipeptide derivatives were incorporated to facilitate 

the synthesis as previously described.
171, 172

 Standard Fmoc reaction cycles were used. The first 

residue attached to the resin, all β-branched residues and all pseudoproline dipeptide derivatives 

were double-coupled. N-methylated isoleucine was triple-coupled. The alanine that directly 

followed the N-methylated isoleucine was coupled 5 times. N-methylated glycine, the 

phenylalanine and the asparagines directly following the N-methylated glycine were double 

coupled. The peptides were cleaved from the resin through the use of standard trifluoroacetic 

acid (TFA) methods. Crude peptides were oxidized by dimethyl sulfoxide (DMSO) at room 

temperature. The peptides were purified via reverse-phase high-performance liquid 

chromatography (RP-HPLC) using a Vydac C18 preparative column.
173 

Analytical HPLC were 

used to check the purity of the peptides before each experiment. The identity of the pure peptides 

was confirmed by MALDI-TOF MS. Wild type IAPP expected 3902.9, observed 3902.7; I26P-

IAPP expected 3888.3, observed 3888.2; NMe-G24, NMe-I26-IAPP expected, 3930.9, observed, 

3930.8. 

3.2.2 Sample Preparation  

Peptide stock solutions were prepared in 100% hexafluoroisopropanol (HFIP) at 1.6 mM. 

Low molecular weight heparan sulfate (10,000-14,000 molecular weight), chondrointin sulfate 
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and dermatan sulfate were purchased from Sigma. Fluorescein-labeled heparin (FLH) with an 

average molecular weight of 18,000 was purchased from Invitrogen. All GAG stock solutions 

were prepared by dissolving GAG in 20 mM Tris-HCl (pH 7.4) at 2.2 mg/ml. EGCG was 

purchased from Sigma and dissolved in 20 mM Tris-HCl (pH 7.4) at 1.6 mM immediately before 

use. 

3.2.3 Preparation of Large Unilamellar Vesicles (LUVs)  

The LUVs were composed of 100% 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

(DOPG), from Avanti Polar Lipids. Stock solutions of DOPG in chloroform at a concentration of 

10 mg/mL were first evaporated with a stream of nitrogen gas and then dried under a vacuum 

overnight to completely remove the residual organic solvent. The resulting lipid film was 

hydrated in 20 mM Tris-HCl, pH 7.4 buffer for 1 hour, at a lipid concentration of 8 mM. The 

multilamellar vesicles were subjected to 10 freeze-thaw cycles and extruded 11 times through 

100 nm pore size filters (Whatman, GE). The phospholipid concentration was determined by the 

method of Stewart.
199

 A fresh vesicle solution was used for each experiment. 

3.2.4 Fluorescence Assays   

Two types of ThioflavinT binding assays were utilized, one for samples with 

hexafluoroisopropanol (HFIP) and the other for samples which did not contain HFIP. Amyloid 

formations by I26P-IAPP and NMe-G24, NMe-I26-IAPP and their ability to inhibit amyloid 

formation by wild type human IAPP in the presence and absence of GAGs were first monitored 

by thioflavin-T binding assays conducted in the presence of 2% hexafluoroisopropanol (HFIP) 

and with continuous stirring at 25 °C. Fluorescence measurements were performed using an 

Applied Photon Technology fluorescence spectrophotometer with 450 nm excitation and 485 nm 
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emission. The slit widths for excitation and emission were set at 4 nm and a 1.0 cm cuvette was 

used. Each point was averaged for 1 minute. Solutions were prepared by diluting filtered stock 

solution (0.45 μM Acrodisc syringe filter with GHP membrane) into Tris-HCl buffer and 

thioflavin-T solution immediately before the measurement. The final concentration was 16 µM 

peptide and 32 µM thioflavinT in 20 mM Tris-HCl (pH 7.4). In the I26P-IAPP and NMe-G24, 

NMe-I26-IAPP amyloid formation experiments, GAGs (heparan sulfate, chondroitin sulfate and 

dermatan sulfate), when present, were at 1.3 μM. In the inhibition experiments, heparan sulfate, 

when present, was at 2.6 μM. FRET experiments involving fluorescein-labeled heparin (FLH) 

were also monitored using this assay in solutions which contained 2% HFIP. Fluorescence 

measurements were performed on the same instrument using 440 nm excitation and 510 nm 

emission. The final solution composition was 16 µM peptide, 1.3 µM FLH and 32 µM 

thioflavinT, when present. 

Amyloid formation by I26P-IAPP and NMe-G24, NMe-I26-IAPP in the presence and 

absence of heparan sulfate were also monitored by thioflavin-T binding assays in the absence of 

HFIP. These assays were conducted without stirring using a Beckman Coulter DTX 880 plate 

reader with multimode detector using 430 nm excitation and 485 nm emission at 25°C. 

Fluorescence solutions were prepared by lyophilizing filtered stock solution (0.45 μM Acrodisc 

syringe filter with GHP membrane) for 22 hrs and then dissolving dry peptides into Tris-HCl 

buffer and thioflavin-T solution immediately before the measurement. The final concentration 

was 16 µM peptide and 32 µM thioflavin-T in 20 mM Tris-HCl (pH 7.4). Heparan sulfate, when 

present, was at 1.3 µM. Experiments involving high ionic strength, lipid micelle or EGCG were 

also monitored using this assay. 
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3.2.5 Circular Dichroism (CD) 

Far-UV CD experiments were performed at 25°C on an Applied Photophysics Chirascan 

CD spectrophotometer. Aliquots from the kinetic experiments were removed at relevant time 

points during the experiments and the spectra were recorded. Spectra were the average of three 

repeats recorded over a range of 190-260 nm, at 1 nm intervals. A 0.1 cm quartz cuvette was 

used and a background spectrum was subtracted from the collected data. 

3.2.6 Transmission Electron Microscopy (TEM)  

TEM images were collected at the Life Science Microscopy Center at the State 

University of New York at Stony Brook. 15 μL aliquots of the samples used for the kinetic 

studies were removed at relevant time points, placed on a carbon-coated 300-mesh copper grid 

for 1 min and then negatively stained with saturated uranyl acetate for 1 min. 

3.3 Results and Discussion 

3.3.1 Heparan Sulfate Induces Amyloid Formation by Non-amyloidgenic Variants of IAPP.  

The sequences of wild type IAPP, the I26P-IAPP and NMe-G24, NMe-I26-IAPP variants 

are shown in Figure 3.1. No data are available on the effects of GAGs on the ability of either of 

these variants to form amyloid. We first studied amyloid formation by I26P-IAPP in the presence 

of the model GAG heparan sulfate (HS). High molecular weight (10 to 14kd) HS was used for 

these studies. Alexandrescu and coworkers examined the length dependence of heparin upon 

amyloid formation by wild type IAPP and showed that length dependent effects leveled off 

above 12 monosaccharide units.
197

 The high molecular weight HS used here was above the 

threshold observed for heparin.  Figure 3.2 compares the ability of the I26P point mutant to form 
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amyloid in the absence and presence of HS. The peptide was not amyloidogenic in homogeneous 

solution over the 10 hr time course of the experiment as judged by thioflavin-T binding assays, 

transmission electron microscopy (TEM) and circular dichroism (CD). In contrast, wild type 

IAPP formed amyloid with a T50, the time required for the reaction to reach 50% of the final 

fluorescence intensity, of 21 mins under these conditions in the absence of GAG. The mutant 

formed amyloid in the presence of HS. A rapid increase in thioflavin-T fluorescence was 

observed for I26P-IAPP in the presence of HS with a T50 of 20 mins. TEM confirmed the results 

of the thioflavin-T studies, and dense matts of amyloid fibers were observed in the presence of 

HS, but not in its absence (Figure 3.2). CD (Figure 3.13) revealed the presence of significant β-

sheet structure in the presence of GAGs.  

We analyzed a second non-amyloidgenic variant of IAPP, NMe-G24, NMe-I26-IAPP. 

This peptide is non-amyloidgenic and is one of the most effective inhibitors of amyloid 

formation by IAPP and protects against IAPP induced toxicity in cell culture.
124

 Figure 3.3 

compares kinetic curves collected in the presence and absence of heparan sulfate. No amyloid 

formation was observed in the absence of heparan sulfate, even for samples which were 

incubated for more than 20 times longer than the time required for wild type IAPP to form 

amyloid (Figure 3.3). In contrast, rapid amyloid formation was observed when heparan sulfate 

was present as judged by thioflavin-T assays and TEM (Figure 3.3) with a T50 of 30 mins. CD 

(Figure 3.14) confirmed the presence of β-sheet structure.   

The experiments outlined above were carried out using standard protocols for biophysical 

studies of IAPP. These involved solubilizing the peptide in hexafluoroisopropanol (HFIP) and 

diluting the stock solution into buffer. This results in 2% residual HFIP by volume. Even this low 

percentage of organic co-solvent enhances significantly the kinetics of amyloid formation by 
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IAPP.
129, 175

 Thus we wanted to test if our results might be a consequence of the conditions used. 

We repeated the experiments using a different protocol which avoids the use of HFIP. Buffer 

was added directly to dried peptide and the time course of amyloid formation was followed. We 

obtained similar results; both I26P-IAPP and NMe-G24, NMe-I26-IAPP formed amyloid in the 

presence of heparan sulfate, but not in its absence (Figure 3.15, 3.16). The T50 of I26P-IAPP in 

the presence of heparan sulfate under this condition was 465 mins and was 2010 mins for the 

NMe-G24, NMe-I26-IAPP, wild type IAPP formed amyloid with a T50 of 60 mins in the 

presence of heparan sulfate under these conditions. 

3.3.2 FRET Experiments Reveal the Co-localization of Amyloid Fibrils and GAGs.  

To further investigate the mechanism of the amyloid inducing effects of GAGs on I26P-

IAPP and NMe-G24, NMe-I26-IAPP, we tested if GAGs are associated with amyloid fibrils. 

This is important because GAGs might exert their effects by binding to the IAPP variants or 

through non-specific polyanion effects. We used a recently developed assay based on FRET 

from thioflavin-T to fluorescein labeled heparin (FLH).
197

 Labeled heparin with one fluorescein 

conjugated per heparin was used as a model GAG. The excitation maximum of thioflavin-T 

when bound to amyloid fibrils is near 450 nm and its emission maximum is near 485 nm. The 

excitation maximum of fluorescein is 488 nm and its emission maximum is 515 nm. Thus, the 

two dyes form a convenient FRET pair to monitor the proximity of GAG and amyloid fibrils. 

Figure 3.4 shows the kinetic profile of I26P-IAPP amyloid formation induced by FLH, 

monitored at an excitation wavelength of 440 nm and an emission wavelength of 510 nm. This 

pair of wavelengths was chosen to detect just the fluorescent signal due to FRET between 

fluorescein and thioflavin-T bound to fibrils by avoiding signal from direct excitation of bound 

thioflavin-T. FRET to fluorescein from fibril bound thioflavin-T was detected as amyloid 
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formation by I26P-IAPP proceeds (Figure 3.4, red curve). CD (Figure 3.17) and TEM images 

(Figure 3.4) confirmed the existence of fibrils. In a control experiment containing I26P-IAPP and 

FLH without thioflavin-T, no significant increase in fluorescence intensity was detected (Figure 

3.4, black curve), although CD (Figure 3.17) and TEM (Figure 3.4) confirmed the presence of 

fibrils.  We also studied the co-localization of FLH and NMe-G24, NMe-I26-IAPP using FRET. 

The results were very similar to those observed with I26P-IAPP. (Figure 3.18) The observation 

of FRET between FLH and thioflavin-T in both cases demonstrates an association of GAG with 

the peptides. The association may occur during the process of amyloid formation or might result 

from the IAPP peptides forming amyloid fibers in solution and then binding to GAG. We 

conducted additional experiments to test these possibilities. We simultaneously monitored direct 

thioflavin-T fluorescence and thioflavin-T to FLH FRET for the same sample. (Figure 3.19) The 

two curves showed identical time courses; the simplest explanation is that the peptides bind 

GAGs before amyloid formation is complete.  

3.3.3 The effect of Heparan Sulfate on I26P-IAPP Amyloid Formation Can Be Screened by 

High Ionic Strength.  

IAPP and the two variants studied here all have a net charge between +2 and +4 at 

physiologically relevant pH, depending upon the exact pKa of the N-terminus and His-18, thus 

all are capable of making electrostatic interactions with heparan sulfate. In order to study the 

potential role of electrostatic interactions between I26P-IAPP and heparan sulfate, we examined 

amyloid formation kinetics in buffers with high concentrations of salt. Amyloid formation by 

wild type IAPP is very sensitive to salt.
200

 Thioflavin-T fluorescence assays without HFIP were 

used to follow amyloid formation as a function of added salt. Figure 3.5 compares the ability of 

I26P-IAPP to form amyloid in the presence and absence of heparan sulfate as a function of NaCl 
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in the assay. I26P-IAPP was still non-amyloidgenic in homogeneous solution when 150 mM 

NaCl was added to the buffer (Figure 3.5, black curve). Heparan sulfate still induced amyloid 

formation under these conditions (Figure 3.5, blue curve), but with a lower efficiency as 

indicated by a 3.3 fold longer lag phase (990 mins), compared to the kinetic profile without 

NaCl. (Figure 3.15). At higher NaCl, 500 mM, I26P-IAPP did form amyloid in the presence and 

in the absence of heparan sulfate (Figure 3.5). Similar kinetic profiles were obtained with and 

without heparan sulfate, although slightly higher final fluorescence intensity was observed in the 

presence of heparan sulfate. TEM images collected at the end of each experiment (Figure 3.5) 

are consistent with the thioflavin-T fluorescence measurements. The observation that heparan 

sulfate no longer accelerates IAPP amyloid formation by I26P-IAPP at high salt relative to 

control suggests that electrostatic interactions make a significant contribution to GAG-peptide 

interactions.  

3.3.4 GAGs are More Effective than Anionic Vesicles at Inducing Amyloid Formation by 

I26P-IAPP.  

A wide range of studies have shown that lipid membranes containing negatively charged 

lipids promote the formation of IAPP amyloid.
193, 194, 201, 202

 Although the mechanism of the 

effect is not completely clear, it is believed that electrostatic interactions between positively 

charged peptides and negatively charged lipids play an important role. If the effects of GAGs and 

lipid vesicles depended only on the concentration of negative charges rather than on their spatial 

distribution, then we would expect similar effects when the total number of negatively charged 

sites were matched. To test if this is the case, we compared the effects of lipid vesicles and 

heparan sulfate on amyloid formation by I26P-IAPP. Anionic dioleoylphosphatidylglycerol 
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(DOPG) which contains a single negative charge was chosen as a model lipid. DOPG has been 

widely used in model studies of IAPP membrane interactions.
136, 203, 204

 

DOPG induces amyloid formation by I26P-IAPP, but much less efficiently on a per 

negative charge basis than heparan sulfate. The concentration of heparan sulfate (0.97 µM) and 

DOPG (48 µM) used here correspond to a concentration of 48 µM negative charges. The lag 

phase of I26P-IAPP amyloid formation in the presence of DOPG (675 mins) was almost 10 fold 

longer than observed with heparan sulfate (68 mins). (Figure 3.6) Peptide-lipid binding and lipid 

induced fiber formation are highly dependent on the concentration of lipids and on the lipid to 

peptide ratio. A 5 fold increase in the concentration of DOPG increased T50 two fold. (Figure 

3.20) This dependence was weaker for HS. A 10 fold increase in HS concentration led to only a 

1.5 fold increase in rate. (Figure 3.21) These results demonstrate that heparan sulfate is more 

efficient than DOPG in inducing amyloid formation by I26P-IAPP at the same net total charge 

under the conditions used. Moreover, the effects of HS are less dependent on its concentration. 

3.3.5 I26P-IAPP and NMe-G24, I26-IAPP Can Be Induced to Form Amyloid by Other GAGs. 

 It is natural to inquire if the effect of heparan sulfate is specific to the structure of the 

GAG used. We studied amyloid formation by the IAPP variants in the presence of two other 

GAGs, chondroitin sulfate and dermatan sulfate. All three of these GAGs are composed of 

repeating disaccharide units. The most common unit of heparan sulfate is glucuronic acid (GlcA) 

linked to N-acetylglucosamine (GlcNAc). Chondrointin sulfate is composed mainly of 

alternating D-glucuronic acid (GlcA) and N-acetyl-D-galactosamine (GalNAc). When the GlcA 

is epimerized into L-iduronic acid (IdoA), the resulting GAG is denoted dermatan sulfate.  

Figure 3.7 compares I26P-IAPP amyloid formation induced by the three GAGs. 

Chondroitin sulfate and dermatan sulfate also promoted amyloid formation by I26P-IAPP. A 
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slightly shorter lag phase and lower final fluorescence intensity was observed in the presence of 

chondroitin sulfate (Figure 3.7, red curve) than with heparan sulfate (Figure 3.7, black curve), 

while the lag phase for dermatan sulfate induced amyloid formation was between that observed 

for chondroitin sulfate and heparan sulfate. TEM (Figure 3.7) and CD (Figure 3.22) confirmed 

that fibrils had formed at the end of each experiment. Similar results were observed with NMe-

G24, NMe-I26-IAPP. The peptide was amyloidgenic in the presence of each of the three GAGs 

and the trend in the efficiency in inducing amyloid formation was the same as observed for I26P-

IAPP as judged by the lag times (Figure 3.23). The results show that the amyloid inducing effect 

of GAGs on non-amyloidgenic IAPP variants is not specific to heparan sulfate. The difference in 

GAGs’ structures and the arrangement of the charges are likely responsible for the slight 

variations in the kinetic parameters. 

3.3.6 IAPP Amyloid Inhibitors Are Less Effective in the Presence of GAGs.  

I26P-IAPP and NMe-G24, NMe-I26-IAPP are both inhibitors of IAPP amyloid formation 

in homogeneous solution. We tested their efficiency in the presence of heparan sulfate. Figure 

3.8 displays the results of an inhibition experiment using I26P-IAPP. In the absence of GAG, the 

lag phase of amyloid formation by IAPP was a factor of 3 times longer when the inhibitor was 

present, consistent with previous reports.
122

 Quite different results were obtained when GAG was 

present in the mixture; an initial, rapid increase in the thioflavin fluorescence was observed 

followed by an intermediate plateau. Similar biphasic behavior has been observed during GAG 

catalyzed amyloid formation by proIAPP processing intermediates and is thought to be due to the 

rapid formation of a GAG bound intermediate.
140

 This was followed by a second growth phase 

leading to a final plateau. TEM analysis of aliquots removed during the first plateau revealed the 

presence of thin fibers as well as shorter fibril like objects (Figure 3.8). Numerous fibers were 
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observed in the final plateau (Figure 3.8). The results of the thioflavin-T assays are difficult to 

unambiguously interpret since both polypeptides can form amyloid in the presence of GAGs. 

Thus the final thioflavin-T signal could arise from amyloid formation by one or both of the 

polypeptides. None the less, it is clear that mixtures of wild type IAPP with I26P-IAPP or with 

NMe-G24, NMe-I26-IAPP behave very differently in the presence of GAGs than in their 

absence. 

This experiment was conducted by mixing IAPP, inhibitor and HS at the beginning of the 

experiment. The effect of the GAG could arise from sequestration of the inhibitor by HS. We 

conducted an additional experiment to test whether GAGs accelerated amyloid formation if they 

were added in the lag phase of the I26P-IAPP: IAPP mixture. In this experiment, IAPP and 

inhibitor were allowed to form a complex before addition of HS. HS still accelerated amyloid 

formation (Figure 3.9), suggesting that simple sequestration of the inhibitor is not the only cause 

of the HS induced effects. This is reasonable since both IAPP and I26P-IAPP can bind HS and 

there is no reason that HS should selectively remove I26P-IAPP from solution. 

We next examined the ability of NMe-G24, NMe-I26-IAPP to inhibit amyloid formation. 

Figure 3.10 compares thioflavin-T kinetic curves for wild type IAPP in the absence of heparan 

sulfate, a 1:1 mixture of wild type IAPP and inhibitor without heparan sulfate and a 1:1 mixture 

of wild type IAPP and inhibitor in the presence of heparan sulfate. NMe-G24, NMe-I26-IAPP is, 

as expected, an effective inhibitor in the absence of heparan sulfate. Under our conditions wild 

type IAPP forms amyloid with a lag time of 17 mins, in contrast, no significant increase in 

thioflavin-T fluorescence is observed for 150 mins in the presence of inhibitor although 

eventually a significant increase is detected around 400 mins. The inhibitor is less effective when 

heparan sulfate is present. A rapid increase in thioflavin-T fluorescence is observed, which is 
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followed, quickly, by a second transition to a final plateau. TEM reveals some fibril like 

aggregates in the first plateau (Figure 3.10). Dense matts of fibers were observed at the end of 

the reaction (Figure 3.10).  

We also analyzed the ability of the small molecule (−)-epigallocatechin 3-gallate (EGCG) 

to inhibit amyloid formation in the presence of heparan sulfate in order to test if GAGs can affect 

small molecule inhibitors as well as peptide-based inhibitors. EGCG is a green tea-derived 

flavanol that has been reported to inhibit amyloid formation by a wide range of natively unfolded 

polypeptides including IAPP.
21, 146, 151, 205, 206

 Previous work from our laboratory has shown that 

EGCG effectively inhibits in vitro IAPP amyloid formation and dissociates pre-formed fibrils 

into small aggregates.
21, 146

 In the presence of heparan sulfate without EGCG, IAPP amyloid 

formation is greatly accelerated compared to the same reaction in homogeneous solution (Figure 

3.11). No increase of thioflavin-T fluorescence is observed for the 1:1 mixture of IAPP with 

EGCG without heparan sulfate (Figure 3.11). However, when heparan sulfate and EGCG are 

present, an initial rapid increase of thioflavin-T fluorescence was observed followed by a slow 

decrease, which may indicate that aggregates formed immediately and then gradually dissociated 

into small aggregates or were restructured (Figure 3.11, red curve). The initial increase of 

fluorescence was lower for higher concentrations of added EGCG (Figure 3.24), but the effect 

was still observable even when EGCG was in 20 fold excess. TEM images confirmed the 

existence of small aggregates at the end of each experiment. (Figure 3.11, Figure 3.25) The 

aggregates did not show any obvious change in morphology as the concentration of EGCG is 

increased (Figure 3.25).  

EGCG was still able to dissociate amyloid fibrils formed by IAPP in the presence of 

heparan sulfate (Figure 3.12). The structures of the aggregates formed were similar to those 
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formed when EGCG is added at the beginning of the reaction as judged by TEM images (Figure 

3.12, Figure 3.28). CD confirmed that all of the aggregates contain β-sheet structure (Figure 

3.26, 3.27). These results indicate that EGCG is still able to inhibit IAPP amyloid formation and 

dissociate mature amyloid fibrils into small aggregates in the presence of heparan sulfate, but is 

less effective than in a homogeneous environment. 

3.4 Conclusions 

The analysis presented here reveals that IAPP amyloid formation in heterogeneous 

environment is very different than in homogeneous solutions: Apparently non-amyloidgenic 

variants can be readily induced to form amyloid in the presence of GAGs and some peptide 

based and small molecule amyloid inhibitors are less effective. The GAGs tested here are more 

effective at inducing amyloid formation than are anionic lipid vesicles on a per net charge basis 

even when the total number of anionic sites is the same, suggesting that the spatial arrangement 

of negatively charged sites is important. This conjecture is supported by a recent study of the 

effects of varying the number of sulfated saccharide monomers in heparin on amyloid formation 

by wild type human IAPP.
197

 Small fragments were less effective than large ones, but the length 

dependence leveled off beyond 12 sulfated saccharide units. Control experiments showed that 

the dependence was due to a length effect rather than an increase in the number of monomer 

units. The length dependent effects are believed to arise from the ability of the longer heparin 

fragments to adopt specific structures. Solution NMR studies have shown that heparin forms a 

left-handed helix structure with four saccharides per turn
207

 and the length dependence studies 

imply that heparin exerts its most potent effects on IAPP amyloid formation when it can form 

helix structures.
197

 IAPP contains a positively charged N-terminus, a Lys at position 1, an Arg at 
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position-11 and a His at position 18. All of these groups have been shown to be important for 

IAPP GAG interactions and the charge arrangement in helical heparin fragments is 

complimentary to the arrangement of positive charges in models of IAPP amyloid fibers.
140, 142, 

197
 Modeling of Aβ GAG interactions also suggests a role for complimentary charged interfaces 

in the catalytic effects of GAGs on Aβ amyloid formation.
208

 

HSPGs are associated with in vivo islet amyloid and the interaction of proIAPP 

processing intermediates with HSPGs of the extracellular has been postulated to play a role in 

inducing amyloid formation.
50, 141

 Studies with inhibitors of GAG synthesis show that decreasing 

GAG synthesis and protein glycosylation in islets results in reduced islet amyloid formation in 

vitro.
209

 This result is consistent with earlier in vivo findings that these inhibitors reduce amyloid 

formation in mouse models of Amyloid A amyloidosis.
210

 These in vitro and in vivo studies 

suggest that limiting IAPP GAG interaction might be a therapeutic method for amyloid related 

diseases.  

Relatively little attention has been paid to the role of IAPP GAG interactions. The results 

presented here show they can strongly impact amyloid formation and the efficiency of amyloid 

inhibitors. Thus potential interactions with GAGs should be considered in inhibitor design and in 

the analysis of amyloidgenicity. GAGs have also been shown to induce amyloid formation by 

other polypeptides which appear to be non-amyloidgenic in homogeneous solution.
211

 Thus the 

effects observed with IAPP may be one example of a broader role for GAGs in amyloid 

formation. 

 



 

- 82 - 

 

3.5 Figures 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Sequence of wild type IAPP, I26P-IAPP and G24-N-methyl, I26-N-methyl-IAPP 

(NMe denotes N-methylation).  

Each peptide has an amidated C-terminus and a disulfide bond. 
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Figure 3.2 Amyloid formation by I26P-IAPP in the absence and presence of heparan 

sulfate.  

(A) Results of fluorescence-monitored thioflavin-T binding assays are displayed. Black, I26P-

IAPP in the absence of heparan sulfate; red, I26P-IAPP in the presence of heparan sulfate. The 

insert shows an expanded plot of the first 50 mins. (B) TEM image of I26P-IAPP in the presence 

of heparan sulfate. (C) TEM image of I26P-IAPP in the absence of heparan sulfate. Aliquots 

were removed at the end of each kinetic experiment for TEM analysis. Scale bars represent 100 

nm.  The kinetic experiments were conducted in 20 mM Tris-HCl (pH 7.4), 2% HFIP (v/v) with 

continuous stirring at 25 °C. The concentration of I26P-IAPP was 16 μM. Heparan sulfate, when 

present, was at 1.3 μM. 
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Figure 3.3 Amyloid formation by NMe-G24, NMe-I26-IAPP in the absence and presence of 

heparan sulfate.  

(A) Results of fluorescence-monitored thioflavin-T binding assays are displayed. Black, NMe-

G24, NMe-I26-IAPP in the absence of heparan sulfate; red, NMe-G24, NMe-I26-IAPP in the 

presence of heparan sulfate. The insert shows an expanded plot of the first 100 mins. (B) TEM 

image of NMe-G24, NMe-I26-IAPP in the presence of heparan sulfate. (C) TEM image of NMe-

G24, NMe-I26-IAPP in the absence of heparan sulfate. Aliquots were removed at the end of each 

kinetic experiment for TEM analysis. Scale bars represent 100 nm. The kinetic experiments were 

conducted in 20 mM Tris-HCl (pH 7.4), 2% HFIP (v/v) with continuous stirring at 25 °C. The 

concentration of NMe-G24, NMe-I26-IAPP was 16 μM. Heparan sulfate, when present, was at 

1.3 μM. 
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Figure 3.4 Heparan sulfate is associated with amyloid fibrils.  

FRET between fluorescein labeled heparin (FLH) and thioflavin-T bound to amyloid fibrils 

formed by I26P-IAPP. (A) Kinetic profile of I26P-IAPP in the presence of FLH monitored by 

FRET between FLH and thioflavin-T bound to amyloid fibrils. The fluorescence was measured 

using an excitation wavelength of 440 nm and an emission wavelegnth of 510 nm. Black, control 

experiment, I26P-IAPP in the presence of FLH, no thioflavin-T; red, I26P-IAPP in the presence 

of FLH and thioflavin-T. (B) TEM image of I26P-IAPP in the presence of FLH and thioflavin-T. 

An aliquot was removed at the end of the reaction for TEM analysis. (C) TEM image of I26P-

IAPP in the presence of FLH, no thioflavin-T. An aliquot was removed at the end of the reaction 

for TEM analysis. Scale bars represent 100 nm. The kinetic experiments were conducted in 20 

mM Tris-HCl (pH 7.4), 2% HFIP (v/v) with continuous stirring at 25 °C. The concentration of 

I26P-IAPP was 16 μM. FLH was at 1.3 μM. 
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Figure 3.5 I26P-IAPP amyloid formation in the presence and absence of heparan sulfate at 

different NaCl concentrations.  

(A) Results of fluorescence-monitored thioflavin-T binding assays are displayed. The kinetic 

profiles were collected with 20 mM Tris-HCl and either 150 mM or 500 mM NaCl at pH 7.4, no 

HFIP, without stirring at 25 °C. Black and blue curves were collected in a buffer with 170 mM 

total salt concentration (20 mM Tris+150 mM NaCl). Black, I26P-IAPP in the absence of 

heparan sulfate; blue, I26P-IAPP in the presence of heparan sulfate. Green and pink curves were 

collected in a buffer with 520 mM salt concentration (20 mM Tris+500 mM NaCl). Green, I26P-

IAPP in the absence of heparan sulfate; pink, I26P-IAPP in the presence of heparan sulfate. (B) 

TEM image of I26P-IAPP in the absence of heparan sulfate with 150 mM NaCl in the buffer. (C) 

TEM image of I26P-IAPP in the presence of heparan sulfate with 150 mM NaCl in the buffer. 

(D) TEM image of I26P-IAPP in the absence of heparan sulfate with 500 mM NaCl in the buffer. 

(E) TEM image of I26P-IAPP in the presence of heparan sulfate with 500 mM NaCl in the 

buffer. Aliquots were removed at the end of each experiment for TEM analysis. Scale bars 

represent 100 nm. The concentration of I26P-IAPP was 16 μM. Heparan sulfate, when present, 

was at 1.3 μM. 
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Figure 3.6 Comparison of amyloid formation by I26P-IAPP in the presence of GAG and 

lipids.  

(A) Results of fluorescence-monitored thioflavin-T binding assays are displayed. Black, I26P-

IAPP in the presence of heparan sulafte; red, I26P-IAPP in the presence of 100 nm DOPG 

vesicles. (B) TEM image of I26P-IAPP in the presence of heparan sulfate. (C) TEM image of 

I26P-IAPP in the presence of 100 nm DOPG vesicles. Aliquots were removed at the end of each 

reaction for TEM analysis. Scale bars represent 100 nm. The kinetic profiles were collected with 

20 mM Tris at pH 7.4, no HFIP, no stirring at 25°C. The concentration of IAPP is 16 µM. 

Heparan sulfate, when present was at 0.97 µM. DOPG, when present, was at 48 µM. The 

concentration of heparan sulfate and DOPG were chosen so that the samples would contain the 

same number of negatively charged sites. 
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Figure 3.7 Comparison of I26P-IAPP amyloid formation in the presence of different GAGs.  

(A) Kinetic profiles. Black, I26P-IAPP in the presence of heparan sulfate; red, I26P-IAPP in the 

presence of chondroitin sulfate; green, I26P-IAPP in the presence of dermatan sulfate. (B) TEM 

image of I26P-IAPP in the presence of chondroitin sulfate. (C) TEM image of I26P-IAPP in the 

presence of dermatan sulfate. Aliquots were removed at the end of each reaction for TEM 

analysis. Scale bars represent 100 nm. The kinetic experiments were conducted in 20 mM Tris-

HCl (pH 7.4), 2% HFIP (v/v) with continuous stirring at 25 °C. The concentration of I26P-IAPP 

was 16 μM, and the concentration of GAG was 1.3 μM. 
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Figure 3.8 Inhibition of IAPP amyloid formation by I26P-IAPP in the absence and 

presence of heparan sulfate.  

(A) The results of thioflavin-T binding assays are plotted. Black, wild type IAPP in the absence 

of heparan sulfate; red, a 1:1 mixture of wild type IAPP and I26P-IAPP in the absence of 

heparan sulfate; green, a 1:1 mixture of wild type IAPP and I26P-IAPP in the presence of 

heparan sulfate. (B) TEM image of wild type IAPP in the absence of heparan sulfate. An aliquot 

was removed at the end of the reaction for TEM analysis as indicated by the black rectangle in 

panel A. (C) TEM image of a 1:1 mixture of wild type IAPP and I26P-IAPP in the absence of 

heparan sulfate. An aliquot was removed at the end of the reaction for TEM analysis as indicated 

by the red triangle in panel A. (D) TEM image of a 1:1 mixture of wild type IAPP and I26P-

IAPP in the presence of heparan sulfate in the first plateau. An aliquot was removed in the 

middle of the first plateau (10 mins) for TEM analysis as indicated by the green circle in panel 

A. (E) TEM image of a 1:1 mixture of wild type IAPP and I26P-IAPP in the presence of heparan 

sulfate. An aliquot was removed at the end of the reaction for TEM analysis as indicated by the 

green star in panel A. Scale bars represent 100 nm. The kinetic experiments were conducted in 

20 mM Tris-HCl (pH 7.4), 2% HFIP (v/v) with continuous stirring at 25 °C. The concentration 

of wild type IAPP was 16 μM. Heparan sulfate, when present, was at 2.6 μM. 
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Figure 3.9 Heparan sulfate can induce amyloid formation by a mixture of IAPP and I26P-

IAPP.  

The results of thioflavin-T binding assays are plotted. Red, a 1:1 mixture of wild type IAPP and 

I26P-IAPP in the absence of heparan sulfate; blue, a 1:1 mixture of wild type IAPP and I26P-

IAPP in the presence of heparan sulfate, heparan sulfate was added at the time point as indicated 

by the black arrow. 
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Figure 3.10 Inhibition of IAPP amyloid formation by NMe-G24, NMe-I26-IAPP in the 

absence and presence of heparan sulfate.  

(A) The results of thioflavin-T binding assays are plotted. Black, wild type IAPP; red, a 1:1 

mixture of wild type IAPP and NMe-G24, NMe-I26-IAPP in the absence of heparan sulfate; 

green, a 1:1 mixture of wild type IAPP and NMe-G24, NMe-I26-IAPP in the presence of 

heparan sulfate.  (B) An expansion of the first 200 mins of panel A. The same color coding is 

used. (C) TEM image of a 1:1 mixture of wild type IAPP and NMe-G24, NMe-I26-IAPP in the 

absence of heparan sulfate. An aliquot was removed at the end of the reaction (563 min) for 

TEM analysis. (D) TEM image of a 1:1 mixture of wild type IAPP and NMe-G24, NMe-I26-

IAPP in the presence of heparan sulfate in the first plateau. An aliquot was removed in the 

middle of the first plateau (17 min) for TEM analysis. (E) TEM image of a 1:1 mixture of wild 

type IAPP and NMe-G24, NMe-I26-IAPP in the presence of heparan sulfate. An aliquot was 

removed at the end of the reaction (333 min) for TEM analysis. Scale bars represent 100 nm. The 

kinetic experiments were conducted in 20 mM Tris-HCl (pH 7.4), 2% HFIP (v/v) with 

continuous stirring at 25 °C. The concentration of wild type IAPP was 16 μM. Heparan sulfate, 

when present, was at 2.6 μM. 
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Figure 3.11 Heparan sulfate interferes with the ability of EGCG to inhibit IAPP amyloid 

formation.  

(A) Results of fluorescence-monitored thioflavin-T binding assays are displayed. Black, IAPP in 

the presence of heparan sulfate; grey, a 1:1 mixture of IAPP and EGCG in the absence of 

heparan sulfate; red, a 1:1 mixture of IAPP and EGCG in the presence of heparan sulfate. (B) 

TEM image of an aliquot removed at the end of the experiment represented by the black curve in 

panel A, at the time point corresponding to the black diamond. (C) TEM image of an aliquot 

removed at the end of the experiment represented by the grey curve in panel A, at the time point 

corresponding to the grey circle. (D) TEM image of an aliquot removed from the sample 

represented by the red curve in panel A, at the time point corresponding to the red star. (E) TEM 

image of an aliquot removed at the end of the experiment represented by the red curve in panel 

A, at the time point corresponding to the red triangle. Scale bar represent 100 nm. Kinetic 

experiments were conducted under experimental conditions with 20 mM Tris-HCl, no HFIP and 

no stirring at 25 °C. The concentration of IAPP was 16 μM. Heparan sulfate, when present, was 

at 1.3 μM.  
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Figure 3.12 EGCG can dissociate amyloid fibrils formed by IAPP in the presence of 

heparan sulfate.  

(A) Results of fluorescence-monitored thioflavin-T binding assays are displayed. Black, IAPP in 

the presence of heparan sulfate; red, a 1:1 mixture of IAPP and EGCG in the presence of heparan 

sulfate, EGCG was added at the time point indicated by the red arrow. (B) TEM image of an 

aliquot taken at the end of the experiment represented by the red curve in panel A, at the time 

point corresponding to the red triangle. Scale bar represent 100 nm. Kinetic experiments were 

conducted under experimental conditions with 20 mM Tris-HCl, no HFIP and no stirring at 25 

°C. The concentration of IAPP was 16 μM. Heparan sulfate was at 1.3 μM. 
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Figure 3.13 CD spectra of I26P-IAPP in the absence and presence of heparan sulfate. 

Aliquots were removed at the end of thioflavin-T monitored kinetic experiments displayed in 

Figure 3.2 and CD spectra were recorded. Black, I26P-IAPP in the absence of heparan sulfate; 

red, I26P-IAPP in the presence of heparan sulfate. 
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Figure 3.14 CD spectra of NMe-G24, NMe-I26-IAPP in the absence and presence of 

heparan sulfate. 

Aliquots were removed at the end of thioflavin-T monitored kinetic experiments displayed in 

Figure 3.3 and CD spectra were recorded. Black, NMe-G24, NMe-I26-IAPP in the absence of 

heparan sulfate; red, NMe-G24, NMe-I26-IAPP in the presence of heparan sulfate. 
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Figure 3.15 Amyloid formation by I26P-IAPP in the absence and presence of heparan 

sulfate monitored by thioflavin-T assays without HFIP. 

(A) Black, I26P-IAPP in the absence of heparan sulfate; red, I26P-IAPP in the presence of 

heparan sulfate. (B) TEM image of I26P-IAPP in the presence of heparan sulfate. An aliquot was 

removed for TEM analysis at the end of the reaction. (C) TEM image of I26P-IAPP in the 

absence of heparan sulfate. An aliquot was removed for TEM analysis at the end of the reaction. 

Scale bars represent 100 nm. Experiments were conducted with 20 mM Tris at pH 7.4, 25°C, 

without stirring. 
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Figure 3.16 Amyloid formation by NMe-G24, NMe-I26-IAPP in the absence and presence 

of heparan sulfate monitored by thioflavin-T assays without HFIP. 

(A) Black, NMe-G24, NMe-I26-IAPP in the absence of heparan sulfate; red, NMe-G24, NMe-

I26-IAPP in the presence of heparan sulfate. (B) TEM image of NMe-G24, NMe-I26-IAPP in 

the presence of heparan sulfate. An aliquot was removed at the end of the reaction for TEM 

analysis. (C) TEM image of NMe-G24, NMe-I26-IAPP in the absence of heparan sulfate. An 

aliquot was removed at the end of the reaction for TEM analysis. Scale bars represent 100 nm. 

Experiments were conducted with 20 mM Tris at pH 7.4, 25°C, without stirring. 
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Figure 3.17 CD spectra of samples used for the FRET experiments displayed in Figure 3.4. 
(A) I26P-IAPP in the presence of fluorescein labeled heparin. (B) I26P-IAPP in the presence of 

fluorescein labeled heparin and thioflavin-T. Aliquots were removed at the end of each kinetic 

experiment displayed in Figure 3.4 and CD spectra were recorded. 
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Figure 3.18 Heparan sulfate forms a complex with NMe-G24, NMe-G26-IAPP amyloid 

fibrils.  

FRET between fluorescein labeled heparin (FLH) and thioflavin-T bound to NMe-G24, NMe-

I26-IAPP amyloid fibers. (A) Kinetic profile of NMe-G24, NMe-I26-IAPP in the presence of 

FLH monitored by FRET between Thioflavin-T bound to amyloid fibrils and FLH. The 

fluorescence was measured using an excitation wavelength of 440 nm and an emission 

wavelegnth of 510 nm. Black, control experiment, NMe-G24. NMe-I26-IAPP in the presence of 

FLH without thioflavin-T; red, NMe-G24. NMe-I26-IAPP in the presence of FLH and 

thioflavin-T. (B) TEM image of NMe-G24, NMe-I26-IAPP in the presence of FLH and 

thioflavin-T. (C) TEM image of NMe-G24, NMe-I26-IAPP in the presence of FLH. (D) CD 

spectrum of NMe-G24, NMe-I26-IAPP in the presence of FLH and Thioflavin-T. (E) CD 

spectrum of NMe-G24, NMe-I26-IAPP in the presence of FLH. Aliquots were removed at the 

end of each reaction and used for TEM and CD. Scale bars represent 100 nm. The kinetic 

experiments were conducted in 20 mM Tris-HCl (pH 7.4), 2% HFIP (v/v) with continuous 

stirring at 25 °C. The concentration of NMe-G24, NMe-I26-IAPP was 16 μM. FLH was at 1.3 

μM. 
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Figure 3.19 Amyloid formation of I26P-IAPP in the presence of fluorescein labeled 

heparin. 

Comparison of kinetic profiles monitored by direct thioflavin-T fluorescence and by FRET from 

thioflavin-T to FLH. Red, I26P-IAPP in the presence of FLH monitored by the FRET signal, λex 

= 440 nm, λem = 510nm; green, I26p-IAPP in the presence of FLH monitored by thioflavin-T 

fluorescence, λex = 450 nm, λem = 485nm. 
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Figure 3.20 The dependence of amyloid formation by I26P-IAPP on the concentration of 

lipids. 

Red, I26P-IAPP in the presence of 48 µM DOPG corresponding to 48 µM anionic sites; green, 

I26P-IAPP in the presence of 256 µM DOPG corresponding to 256 µM anionic sites in the 

assay. The kinetic experiments were conducted with 20 mM Tris-HCl (pH 7.4), no HFIP, no 

stirring at 25 °C. The concentration of I26P-IAPP was 16 µM. 
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Figure 3.21 The dependence of I26P-IAPP amyloid formation on the concentration of 

heparan sulfate. 

(A) Kinetic profiles of I26P-IAPP in the presence of heparan sulfate over the range of 0.24 µM 

to 9.7 µM corresponding to a total concentration of negatively charged sites of 12 µM to 480 

µM. Experiments were conducted in 20 mM Tris-HCl (pH 7.4), no HFIP, no stirring at 25 °C. 

Black, I26P-IAPP in the presence of heparan sulfate at 0.97 µM; red, I26P-IAPP in the presence 

of heparan sulfate at 3.9 µM; green, I26P-IAPP in the presence of heparan sulfate at 9.7 µM; 

blue, I26P-IAPP in the presence of heparan sulfate at 0.49 µM; pink, I26P-IAPP in the presence 

of heparan sulfate at 0.24 µM. (B) Comparison of T50 for amyloid formation by I26P-IAPP at 

different concentrations of heparan sulfate.  
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Figure 3.22 CD spectra of I26P-IAPP in the presence of chondroitin sulfate and dermatan 

sulfate. 
(A) I26P-IAPP in the presence of chondroitin sulfate. (B) I26P-IAPP in the presence of dermatan 

sulfate. Aliquots were removed at the end of each thioflavin-T monitored kinetic experiment 

displayed in Figure 3.7 and the CD spectra were recorded. 
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Figure 3.23 Comparison of amyloid formation by NMe-G24, NMe-I26-IAPP in the 

presence of different GAGs. 

(A) Kinetic profiles. Black, NMe-G24, NMe-I26-IAPP in the presence of heparan sulfate; red, 

NMe-G24, NMe-I26-IAPP in the presence of chondroitin sulfate; green, NMe-G24, NMe-I26-

IAPP in the presence of dermatan sulfate. (B) TEM image of NMe-G24, NMe-I26-IAPP in the 

presence of chondroitin sulfate. (C) TEM image of NMe-G24, NMe-I26-IAPP in the presence of 

dermatan sulfate. Scale bars represent 100 nm. (D) CD spectrum of NMe-G24, NMe-I26-IAPP 

in the presence of chondroitin sulfate. (E) CD spectra of NMe-G24, NMe-I26-IAPP in the 

presence of dermatan sulfate. Aliquots were removed at the end of each reaction for TEM and 

CD analysis. The kinetic experiments were conducted in 20 mM Tris-HCl (pH 7.4), 2% HFIP 

(v/v) with continuous stirring at 25 °C. The concentration of NMe-G24, NMe-I26-IAPP was 16 

μM. The concentration of GAG was 1.3 μM. 
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Figure 3.24 Heparan sulfate interferes with EGCG’s ability to inhibit IAPP amyloid 

formation. 

Green, a 1:5 mixture of IAPP and EGCG in the presence of heparan sulfate, EGCG was in 5 fold 

excess; blue, a 1:10 mixture of IAPP and EGCG in the presence of heparan sulfate, EGCG was 

in 10 fold excess; pink, a 1:20 mixture of IAPP and EGCG in the presence of heparan sulfate, 

EGCG was in 20 fold excess. EGCG was added at the beginning of each reaction. The same 

experimental conditions were used here as described in Figure 3.11. 
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Figure 3.25 TEM images of IAPP amyloid inhibition experiments with high concentrations 

of EGCG in the presence of heparan sulfate.  

The images are from samples removed at the end of the kinetic curves displayed in Figure 3.24. 

(A & B & C) TEM images of a 1:5 mixture of IAPP and EGCG in the presence of heparan 

sulfate, EGCG was in 5 fold excess. (D & E & F) TEM images of a 1:10 mixture of IAPP and 

EGCG in the presence of heparan sulfate, EGCG was in 10 fold excess. (G & H & I) TEM 

images of a 1:20 mixture of IAPP and EGCG in the presence of heparan sulfate, EGCG was in 

20 fold excess. Scale bars represent 100 nm. Aliquots were removed at the end of each 

experiment for TEM analysis. Kinetic experiments were conducted with 20 mM Tris-HCl, no 

HFIP and no stirring at 25 °C. The concentration of IAPP was 16 μM. Heparan sulfate, when 

present, was at 1.3 μM. EGCG was added at the beginning of each experiment. 
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Figure 3.26 CD spectra of EGCG inhibition experiments displayed in Figure 3.11 and 

Figure 3.24.  
(A) 1:1 mixture of IAPP and EGCG in the presence of heparan sulfate. (B) 1:5 mixture of IAPP 

and EGCG in the presence of heparan sulfate. (C) 1:10 mixture of IAPP and EGCG in the 

presence of heparan sulfate. (D) 1:20 mixture of IAPP and EGCG in the presence of heparan 

sulfate. EGCG was added at the beginning of each experiment. Aliquots were removed at the end 

of each reaction displayed in Figure 3.11 and Figure 3.24 and CD spectra were recorded. 
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Figure 3.27 CD spectrum of the sample corresponding to the red curve displayed in Figure 

3.12, the result of adding EGCG to a mixture of IAPP and HS.  

An aliquot was removed at the end of the reaction and the CD spectrum was recorded.  
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Figure 3.28 Additional TEM images for Figure 3.11 and Figure 3.12.  

(A) TEM image of an aliquot removed at the end of the experiment represented by the red curve 

in Figure 3.11A. (B) TEM image of an aliquot removed at the end of the experiment represented 

by the red curve in figure 3.12A. 
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Chapter 4 Rationally Designed Inhibitors of Amyloid Formation by Human 

Amylin: A Balance Between Optimum Recognition and Reduced 

Amyloidgenicity 

Abstract 

Human islet amyloid polypeptide (hIAPP or amylin), a polypeptide hormone, forms 

fibrillar amyloid deposits in the pancreatic islets of Langerhans in type 2 diabetes (T2D). Islet 

amyloid is associated with reduced β-cell mass and is believed to contribute to T2D, and to the 

failure of islet transplantation. Thus inhibitors of hIAPP amyloid formation have therapeutic 

potential. However, there are no clinically approved inhibitors of islet amyloid and the mode of 

action of existing inhibitors is not well understood. The rat form of IAPP (rIAPP), does not form 

amyloid and is an inhibitor of hIAPP amyloid formation. Five of the six different residues in the 

sequence of rIAPP relative to hIAPP are located in the region of residues 20-29, and three of 

them are Pro residues, which are well know β-sheet breakers. rIAPP has been thought of as a 

natural example of a so-called “β-breaker” inhibitor; a molecule which combines a recognition 

element with an entity that inhibits β-sheet formation. Pramlintide (PM) is a peptide drug 

approved by the FDA as an adjunct to insulin therapy for both type 1 diabetes and T2D. PM was 

designed by introducing the three Pro substitutions found in rIAPP into hIAPP. The inhititory 

effects of PM on hIAPP amyloid formation have not been investigated. Here we examine the 

ability of a set of designed polypeptide analogs of hIAPP, including rIAPP and PM, in order to 

elucidate the factors which lead to effective peptide based inhibitors. Our results reveal, for this 

class of molecules, a balance between the amyloidogenicity of the inhibitory sequence on the one 

hand and its ability to recognize hIAPP on the other. 
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The work in this chapter has been written in a manuscript in preparation for Journal of the 

American Chemical Society. This chapter contains direct excerpts from that manuscript, which 

was written by me with the assistance of Prof. Daniel Raleigh, Dr. Ping Cao and Dr. Bela 

Ruzsicska. 

4.1 Introduction 

Amyloid formation plays a role in over 25 different human diseases including Alzheimer’s 

disease, Parkinson’s disease and type 2 diabetes (T2D).
153, 154

 Islet amyloid polypeptide (IAPP or 

amylin) forms fibrillar amyloid deposits in the pancreatic islets of Langerhans in T2D.
155, 156

 Islet 

amyloid is associated with reduced β-cell mass, and is believed to contribute to T2D,
80, 81, 212

 and 

to the failure of islet transplantation.
98, 157

 There are no clinically approved inhibitors of islet 

amyloid and the mode of action of existing inhibitors is not well understood. Here we examine 

the ability of a set of designed polypeptide analogs of human IAPP (hIAPP) in order to help 

elucidate the factors which lead to optimum peptide based inhibitors. Our work reveals, for this 

class of molecules, a balance between the amyloidogenicity of the inhibitory sequence on the one 

hand and its ability to recognize hIAPP on the other.  

Mature hIAPP is a 37 residue hormone with a disulfide bond between Cys-2 and Cys-7 and 

an amidated C-terminus (Figure 4.1). It aggressively forms amyloid in vitro and is toxic to 

cultured pancreatic islet β-cells.
99

 Rat IAPP (rIAPP) differs from hIAPP at six positions, does not 

form amyloid, is not toxic to cultured cells and is a moderately effective inhibitor of hIAPP 

amyloid formation in vitro.
145

 Five of the six differences relative to hIAPP are located in the 

region of residues 20-29, which is believed to be an important amyloidgenic segment. rIAPP 

contains three prolines in this region (Pro-25, Pro-28 and Pro-29), which are well known β-sheet 
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breakers. The other differences between rIAPP and hIAPP involve the replacement of His-18, 

Phe-23 and Ile-26 in hIAPP with Arg-18, Leu-23 and Val-26 in rIAPP respectively (Figure 4.1). 

Thus rIAPP can be thought of as a natural example of a so-called “β-breaker” inhibitor; a 

molecule which combines a recognition element, in this case the N-terminal half to two thirds of 

the molecule, with an entity that inhibits β-sheet formation. 

hIAPP normally functions as a complement to insulin in glucose homeostasis by 

suppressing postprandial glucagon secretion, helping regulate the rate of gastric emptying and 

suppressing food intake.
54-56, 137, 213

 hIAPP is thus an attractive adjunct to insulin therapy, 

however, hIAPP aggregates in solution leading to difficulty in its formulation and storage. A 

soluble analog of hIAPP, Pramlintide (PM), is approved by the FDA as an adjunct to insulin 

therapy for both type 1 diabetes and T2D. PM was designed based on the sequence of hIAPP and 

rIAPP. The rationale was to substitute the proline residues found in rIAPP to render the human 

peptide non-amyloidgenic, but to retain its activity.
58

 Therefore, Ala-25, Ser-28 and Ser-29 in 

hIAPP were replaced with prolines to generate PM (Figure 4.1).  

rIAPP has been proposed to inhibit hIAPP amyloid formation by binding to early, 

potentially partially helical intermediates, through the N-terminal half to two thirds of the peptide 

and then preventing propagation of intermolecular β-sheet structure.
145

 Peptide mapping studies 

have provided evidence that the initial hIAPP-hIAPP interaction occurs in the region centered 

near residue 15, and this region could be critical for hIAPP-rIAPP interactions, given their high 

sequence identity from residue 1 through 22.
214

 Structural studies indirectly support a helical 

model, although other experiments suggest different initial modes of oligomerization of 

hIAPP.
177, 215, 216

 PM is expected to be a better inhibitor of hIAPP than rIAPP if this model is 

correct since PM is more “human like” in the recognition region, but still contains the same β-
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sheet breaker residues. Limited biophysical studies have been done on PM. Nonoyama et al have 

reported that PM is disordered as a monomer and that its aggregation is sensitive to pH.
217

 There 

are no reported studies of the potential inhibition effects of PM on amyloid formation by hIAPP. 

Here, we compare the ability of PM and rIAPP as well as two mutants of PM, His18Arg 

pramlintide (H18R PM) and Phe23Leu pramlintide (F23L PM) to inhibit amyloid formation by 

the human peptide. The latter two mutations are chosen because they are the least conservative 

non-proline mutations between rIAPP and hIAPP. Our results also provide some clues as to the 

mechanism of hIAPP amyloid inhibitors, which should be useful for future rational peptide 

inhibitor design. 

4.2 Material and methods 

4.2.1 Peptide Synthesis 

All peptides were synthesized using a CEM microwave peptide synthesizer on a 0.25 mmol 

scale utilizing 9-fluornylmethoxycarbonyl (Fmoc) chemistry. Solvents used were ACS-grade. 

The 5-(4’-fmoc-aminomethyl-3’,5-dimethoxyphenol) valeric acid (PAL-PEG) resin was used to 

afford an amidated c-terminus. Fmoc-protected pseudoproline (oxazolidine) dipeptide 

derivatives were incorporated to improve the yield as previously described.
171

 Standard Fmoc 

reaction cycles were used.
172

 The first residue attached to the resin, all β-branched residues, all 

pseudoproline dipeptide derivatives and the residues directly following pseudoproline dipeptide 

derivatives were double-coupled. The peptides were cleaved from the resin through the use of 

standard trifluoroacetic acid (TFA) methods.  
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4.2.2 Peptide Oxidation and Purification 

After cleavage, crude peptides were dissolved into 20% (v/v) acetic acid and then 

lyophilized. This was repeated several times before oxidation and purification to improve their 

solubility. The peptides were oxidized by 100% dimethyl sulfoxide at room temperature and then 

were purified via reverse-phase high-performance liquid chromatography (RP-HPLC) using a 

Vydac C18 preparative column.
173

 Analytical HPLC was used to check the purity of the peptides 

before each experiment. The mass of the pure peptides was confirmed by ionization time-of-

flight mass spectrometry. hIAPP, expected 3903.6, observed 3904.6; rIAPP, expected 3921.3, 

observed 3921.6; PM, expected 3949.4, observed 3949.2; H18R PM, expected 3969.4, observed 

3967.1; F23L PM, expected 3916.4, observed 3915.4. 

4.2.3 Sample Preparation 

Stock solutions of each peptide were prepared by dissolving into 100% 

hexafluoroisoproponal (HFIP) at 1.6 mM. Stock solutions were filtered using 0.45 μM Acrodisc 

syringe filter with a GHP membrane and the required amount was lyophilized overnight to 

remove HFIP. Dry peptide was then dissolved into Tris-buffer for the fluorescence assays. 

4.2.4 Fluorescence Assays 

The kinetics of amyloid formation were monitored using thioflavin-T binding assays 

conducted with no cosolvent and no stirring at 25°C. Fluorescence measurements were 

performed using a Beckman Coulter DTX 880 plate reader with a multimode detector using an 

excitation wavelength of 430 nm and an emission wavelength of 485 nm. Solutions were 

prepared by dissolving dry peptide into Tris-HCl buffer and thioflavin-T solution immediately 
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before the measurement. The final concentrations were 16 µM hIAPP, 32 µM thioflavin-T in 20 

mM Tris-HCl (pH 7.4) and various amounts of the inhibitors.  

4.2.5 Transmission Electron Microscopy (TEM) 

TEM images were collected at the Life Science Microscopy Center at the State University 

of New York at Stony Brook. 15 μL aliquots of the samples used for the kinetic studies were 

removed at the end of each experiment, blotted on a carbon-coated 300-mesh copper grid for 1 

min and then negatively stained with saturated uranyl acetate for 1 min. 

4.2.6 Mass Spectroscopy Experiments 

Peptides were incubated in 20 mM Tris-HCl buffer at pH 7.4 until amyloid formed. 

Samples were then centrifuged at 17500g for 45 min. Pellets were collected and rinsed with DDI 

water twice. In each rinse, samples in DDI water were centrifuged at 17500g for 30 min. Final 

pellets collected were depolymerized in 100% (v/v) HFIP and then lyophilized for 20 hours.  

The peptide solutions are analyzed by LC-MS-UV using an Agilent 1260 HPLC and an 

Agilent G6224A oaTOF mass spectrometer. The HPLC method uses a Kinetex C18 column; 

100Å, 2.6µm, 100x2.1mm, (Phenomenex) at 35°C and 0.55mℓ/min. The HPLC solvents were A 

– H2O(0.05%AceticAcid, 0.05%TFA) and B – CH3CN(0.05%AceticAcid, 0.05%TFA). The 

HPLC solvent gradient method consisted of the following: t=0-1’, B=10%; t=1-5’, B=10-30%; 

t=5-45’, B=30-50%; t=45-52’, B=50-95%. 

The mass spectrometer was tuned and calibrated in the 2GHZ ExtDynRange 3200 state. 

The ionization source was electrospray ionization in the positive mode. The ESI source was 

operated at 325°C with N2 flow at 12ℓ/min and nebulizer pressure at 55psi. Mass spectra were 
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acquired at 4Hz profile mode, in the range m/z = 300-3200 with internal calibration using 4 

calibration standards. 

UV chromatograms were acquired with a diode array detector operating with 5Hz 

acquisition rate, 2nm bandwidth in the range 210-500nm. Specific channels used were 215 and 

280nm. 

The ESI positive mass chromatograms were integrated and averaged mass spectra were 

acquired from the integrated peaks with background subtraction. The mass spectra of the target 

peptides were observed in predominantly the +3 and +4 charge states.  The resolution of the 

mass spectrometer in the described state and in this m/z range is ~13,000. This resolution allows 

the isotopic distribution of the peptide m/z peaks in these charge states to be fully resolved. 

These mass spectra are deconvoluted using the Agilent Resolved Isotope Deconvolution 

algorithm. In this way, the monoisotopic, neutral masses of the peptides are determined with an 

accuracy of 20ppm.  

4.3 Results and Discussion 

4.3.1 PM is a Better Inhibitor than rIAPP, But Has Less Effect on the Final Fibril Structure. 

The ability of rIAPP and PM to inhibit amyloid formation by hIAPP were compared using 

thioflavin-T fluorescence assays. Thioflavin-T is a dye whose quantum yield is increased upon 

binding to amyloid fibrils, and it provides a convenient probe to monitor amyloid formation. The 

dye does not perturb the kinetics of hIAPP amyloid formation under the conditions used here. 

We first tested mixtures of hIAPP and rIAPP. The kinetic curves measured at different ratios of 

the two peptides are shown in Figure 4.2 The X-axis is presented as reduced time; time divided 

by T50 of hIAPP, where T50 is the time required to reach half of the maximum fluorescence 
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intensity in the assay. No increase in fluorescence intensity of a sample of rIAPP was detected 

during the time course of the experiment. The effects of rIAPP amyloid formation are dose 

dependent, as previously reported.
145

 At low concentrations of rIAPP (where hIAPP and rIAPP 

are at a 1 to 1, or a 1 to 2 ratio), rIAPP shows a slight inhibitory effect on amyloid formation by 

hIAPP, in agreement with earlier studies.
145

 T50 was increased by a factor of only 1.2 for the 1 to 

1 ratio and by a factor of 1.4 for the 1 to 2 ratio (rIAPP is in 2 fold excess). When the 

concentration of rIAPP is increased to a 5 fold excess, a more significant effect was observed as 

indicated by a 2.2 fold longer T50. This parameter increased by a factor of 3.5 when the 

concentration of rIAPP is increased to give a 10 fold excess of hIAPP in the mixture. A decrease 

in the final fluorescence was observed as the concentration of rIAPP was increased. This is 

consistent with fewer fibrils being formed by hIAPP, or with the formation of fibrils with 

reduced capacity to bind thioflavin-T, or with a lower quantum yield of the bound thioflavin-T. 

Since the fluorescence results come from fibril bound thioflavin-T, instead of an intrinsic probe 

of the fibrils, the values are dependent on how well the dye binds, and this can sometimes give 

misleading results. Therefore, we collected TEM images at the end of each kinetic experiment. 

As shown in Figure 4.3 and Figure 4.9, TEM confirmed that rIAPP does not aggregate during the 

time course of the experiment. Images of mixtures of hIAPP and rIAPP showed changes in 

morphology as the concentration of rIAPP increased. At 1 to 1 ratio, fibrils with typical hIAPP 

amyloid morphology were observed, while thinner and shorter fibrils were observed in the 

presence of 10 fold excess rIAPP. These results confirm the conclusion of prior studies that 

rIAPP increases the T50 of hIAPP amyloid formation, and also reduces the amounts of amyloid 

fibrils formed and/or changes their morphology. Our results are consistent with previous findings 

conducted in buffers which contain 2% HFIP, that rIAPP does not form amyloid under these 
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conditions, inhibits amyloid formation by hIAPP, and modifies fibril morphology.
145

 The results 

shown here confirm that the behavior of rIAPP is not a consequence of the presence of the 

organic cosolvent. 

We next tested the effect of PM using this assay. PM did not form amyloid during the time 

course of the study under the conditions used, as indicated by a flat fluorescence curve (Figure 

4.2) and TEM (Figure 4.9). Inhibition of hIAPP amyloid formation was observed at all ratios 

tested and the inhibition efficiency of PM was dose dependent. PM is more effective at inhibiting 

the aggregation of hIAPP than rIAPP. An equimolar amount of PM increased T50 of hIAPP 

amyloid formation by a factor of 1.9, compared to the more modest factor of 1.2 observed for 

rIAPP. T50 was further increased to a factor of 2.7 when PM was in 2 fold excess and to 3.9 

when PM was in 5 fold excess. When the ratio of hIAPP and PM was 1 to 10, the T50 of hIAPP 

amyloid formation was increased by 5.6 fold. For comparison, rIAPP increases T50 by a factor of 

3.5 at this ratio.  

The final fluorescence intensity of the PM hIAPP mixtures did not change significantly, 

even in the presence of 10 fold excess of PM. In addition, the fibrils formed at all ratios showed 

typical IAPP amyloid fibril structure, and no PM induced morphology change was observed in 

contrast to the effects detected with rIAPP (Figure 4.3). These results demonstrate that PM is 

more efficient than rIAPP at inhibiting amyloid formation by hIAPP in terms of the kinetics, but 

it does not cause any detectable change in the fibril morphology at this level of resolution.  

There are several possible explanations for the lack of a detectable effect of PM on fibril 

morphology. PM could have a higher amyloidgenic potential than rIAPP due to its higher 

sequence similarity to hIAPP. In particular, the replacement of R18 in rIAPP by the human 

residue should increase the tendency to aggregate at pHs above the pKa of His.
129, 131

 Thus, it is 
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possible that the amyloid fibrils formed in the mixture of hIAPP and PM are a combination of 

hIAPP and PM. It is also possible that hIAPP fibrils induce the formation of PM fibrils and any 

fibrils that may be formed by PM have a morphology similar to hIAPP amyloid fibrils. 

Alternatively, PM could transiently interact with hIAPP and ultimately end up in the soluble 

phase. Either of these scenarios might contribute to the different effects observed between rIAPP 

and PM on the morphology of the amyloid formed.  

To test if rIAPP or PM are incorporated in the fibrils formed by mixtures of rIAPP or PM 

with hIAPP, we conduct mass spectrum experiments. We centrifuged the aggregates formed by 

mixtures of rIAPP or PM with hIAPP respectively and identified the peptides in the pellets by 

redissolving them and conducting LC-MS studies. Control experiments were conducted, in 

which samples of pure hIAPP, pure rIAPP and pure PM were incubated. A much stronger peak 

was observed from the pellet formed in the hIAPP control experiments than from PM or rIAPP 

control studies, consistent with the fact that hIAPP forms amyloid during the time course of the 

experiments while the other two peptides do not. Weak peaks were detected for PM and rIAPP 

which are probably due to residual supernatant in the “pelleted” samples. For 1 to 1 mixtures of 

hIAPP with the other peptides, we observed only weak peaks due to PM and rIAPP from the 

pellets with intensities similar to that observed in control experiments, suggesting that neither 

PM nor rIAPP was incorporated into the fibrils formed and suggesting that the fibrils observed 

were mainly made up of hIAPP. When PM or rIAPP were in 10 fold excess, only a weak peak 

due to rIAPP was detected from the pellet in the mixture with hIAPP, but a strong peak was 

observed for PM in the pellet formed by the hIAPP PM mixture. The PM peak had a similar 

intensity to the hIAPP peak for this case (Figure 4.4). There are several plausible explanations 

for this result. hIAPP and PM might coaggregate into mixted fibrils and thus both be found in the 
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pellet. Alternatively, the two might independently aggregate and be sedimented into a pellet. The 

fact that samples of pure PM do not show appreciable pelletable material argues against this 

scenario, but does not formally rule out situations where human fibrils promote aggregation of 

PM into fibrils that are largely composed of PM. Seeding experiments show that hIAPP fibrils do 

not seed amyloid formation by PM, indicating that it is unlikely that hIAPP fibrils directly 

promote formation of independent PM fibrils under these conditions (Figure 4.10).  

4.3.2 Mutations of PM Make its Behavior More rIAPP-like. 

We next examined two point mutants of PM, chosen to make their sequences more rIAPP-

like, in order to study the contribution of these sites to the difference in the ability of rIAPP and 

PM to inhibit hIAPP amyloid formation. 

There are three differences between rIAPP and hIAPP, in addition to the three prolines. 

His-18 and Phe-23 in hIAPP are replaced by Arg and Leu respectively in rIAPP (Figure 4.1). 

These are less conservative changes than the third substitution which is an Ile-26 to Val 

mutation. We focused on the least conservative replacements, H18R and F23L. Arg is protonated 

and charged at pH 7.4 while His is largely deprotonated, thus a H18R replacement changes the 

charge distribution of the peptide. Electrostatic interactions are believed to play an important role 

in amyloid formation,
200

 and hIAPP amyloid formation is pH dependent.
129, 131

 The F23L 

substitution replaces an aromatic residue with an aliphatic sidechain and this substitution has 

been shown to increase the lag time of hIAPP by a factor of two.
135

 In contrast, the Ile to Val 

substitution is more conservative, replacing one β-branched hydrophobic amino acid with 

another. Green et al studied mutants of rIAPP with substitution of residues from hIAPP by using 

variants with a free C-teimini. They did not test the ability of these molecules to inhibit hIAPP 

amyloid formation, but they reported that all mutants of rIAPP including PM*, H18R PM* and 
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F23L PM* were able to form amyloid with a slightly different morphology than hIAPP. Here we 

use a star to denote the variants with free C-termini. PM* was reported to form amyloid in 10 

days, faster than F23L PM* and H18R PM* which formed amyloid after two weeks and three or 

four weeks respectively.
218

 The peptides they used are not C-terminally amidated and variants 

with this modification have been shown to behave differently than the physiologically relevant 

amidated form.
131, 219

 Never the less, their results indicate that a higher sequence similarity to the 

human analog leads to higher amyloidgenic potential.  

The kinetics of amyloid formation by mixtures of hIAPP with the two mutants are shown 

in Figure 4.5. Both H18R PM and F23L PM did not aggregate during the time course of the 

study, as indicated by their flat fluorescence time courses and by TEM (Figure 4.5, 4.6 and 4.7). 

Dose dependent inhibition effects were observed for both mutants. Both PM mutants behaved 

more like rIAPP than like PM in the sense that they were less effective inhibitors than PM. The 

inhibitory effects of H18R PM and F23L PM were almost the same in terms of their effects on 

the value of T50 (Figure 4.8). As the concentration of peptide was increased, H18R PM showed a 

more obvious effect on the final thioflavin-T fluorescence intensity than F23L PM (Figure 4.5) 

and less dense matts of fibrils were observed in the TEM images (Figure 4.6, 4.7). However, 

neither of the mutants changed the fibril morphology as drastically as rIAPP did as judged by 

TEM. All of the TEM images collected with either mutant, at different ratios, showed typical 

hIAPP amyloid fibril structure (Figure 4.6, 4.7).  

4.4 Conclusions 

The effects of the four peptide inhibitors on the value of T50 for hIAPP amyloid formation 

are summarized in Figure 4.8. Our results showed that PM is more efficient than rIAPP in 
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inhibiting amyloid formation by hIAPP, however, in contrast to rIAPP, it does not affect the 

morphology of fibrils at a level detectable by TEM. Our mass spectroscopy analysis of the 

amyloid fibrils formed by mixtures of PM with hIAPP and rIAPP with hIAPP argues that PM 

interacts more strongly with hIAPP than rIAPP does. One possible explanation is that PM is 

incorporated into the fibrils under these conditions while rIAPP is not.  

These results argue that a higher sequence similarity to hIAPP leads to a non-amyloidgenic 

peptide being a better inhibitor of hIAPP amyloid formation, likely due to more efficient 

sequence recognition. rIAPP and the two mutants of PM, H18R PM and F23L PM, are less 

effective inhibitors than PM, consistent with this hypothesis, however, the correlation is not 

perfect since the two PM single mutants do not outperform rIAPP even though they have a 

higher sequence identity to hIAPP. This suggests that the two positions, residue 18 and 23, play 

important roles in the inhibitor hIAPP interaction.  

Middleton et al has constructed a model of how rIAPP inhibits hIAPP amyloid formation 

based on 2DIR studies conducted under different conditions where both peptides were present at 

higher concentrations. They reported that rIAPP first blocks the formation of the C-terminal β-

sheet which explains the increased lag time. rIAPP then loses this effect and the recognition 

sequence in rIAPP forms its own β-sheet.
220

 The resolution of the methods employed here does 

not allow one to determine if PM forms its own fibrils or is incorporated into the hIAPP fibrils.  

A trade-off exists between more efficient recognition of the target protein and the higher 

amyloidgenicity attributed to higher sequence similarity. An optimum balance should lead to the 

best inhibition efficiency. Having a too low sequence identity may prevent the peptide from 

effectively interacting with the target peptide, while having too high a similarity may lead to 

mixed fibrils formed by the designed inhibitor and the target peptide. PM appears to be nearly 
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balanced between these effects. This does not mean than PM is the optimum inhibitor. Other 

variants of hIAPP which target different residues can have larger effects on hIAPP amyloid 

formation presumably because the other sites are more important.  

Data with other sets of peptides support the notation of a trade-off between recognition and 

β-sheet inhibition. For example, data on a set of G24P, I26P analogs support this conjecture.
121, 

122, 124
 The double mutant is a moderately effective inhibitor, but each single mutant is more 

effective. In this case, the single site mutations are sufficient to reduce amyloidogenicity and the 

higher sequence identity presumably leads to better recognition of the human sequence. The fact 

that the double proline mutant is a less effective inhibitor of wild type amyloid formation than 

either single mutant suggests that they may interact with hIAPP in a more complicated manner 

than simply through the region with helical propensity. All these peptides in this family are 

identical between residues 1 to 23 which encompasses the region from residues 5-19 that NMR 

has identified as having a tendency to preferentially sample the helical region of the 

Ramachandran plot.
180

 Hence, they should have similar abilities to target the helical region.  
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4.5 Figures 
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Figure 4.1 Sequence of hIAPP, rIAPP, PM, H18R PM and F23L PM.  

Each peptide contains a disulfide bond connecting Cys 2 and Cys 7 and has an amidated C-

terminus. Residues which differ from hIAPP are colored red. 
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Figure 4.2 Pramlintide (PM) is a more effective inhibitor than rIAPP.  

(A) The kinetics of hIAPP amyloid formation in the presence of rIAPP monitored by thioflavin-

T fluorescence assays. Black, hIAPP; red, a 1:1 mixture of hIAPP and rIAPP; green, a mixture of 

hIAPP and rIAPP at a 1 to 2 ratio; blue, a mixture of hIAPP and rIAPP at a 1 to 5 ratio; pink, a 

mixture of hIAPP and rIAPP at a 1 to 10 ratio; grey, 160 µM rIAPP. (B) The kinectics of hIAPP 

amyloid formation in the presence of PM monitored by thioflavin-T fluorescence essays. The 

same color coding is used as in panel A. Experiments were conducted in 20 mM Tris-HCl (pH 

7.4), without stirring at 25 °C. The concentration of hIAPP was 16 μM. 
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Figure 4.3 Comparison of the final products of the reaction shown in Figure 4.2.  

(A) TEM image of hIAPP. (B) TEM image of a 1:1 mixture of hIAPP and rIAPP. (C) TEM 

image of a 1:1 mixture of hIAPP and PM. (D) TEM image of a 1:2 mixture of hIAPP and rIAPP. 

(E) TEM image of a 1:2 mixture of hIAPP and PM. (F) TEM image of a 1:5 mixture of hIAPP 

and rIAPP. (G) TEM image of a 1:5 mixture of hIAPP and PM.  (H) TEM image of a 1:10 

mixture of hIAPP and rIAPP. (I) TEM image of a 1:10 mixture of hIAPP and PM. All images 

were collected at the end of corresponding experiments shown in Figure 4.2. Scale bars represent 

100 nm. 
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Figure 4.4 Results of mass spec experiments. 

(A) Results of control experiments. hIAPP, PM and rIAPP were incubated separately. Black, 

hIAPP; brown, PM; light blue, rIAPP. (B) Results of a 1 to 1 mixture of hIAPP and PM. Black, 

hIAPP; red, PM. (C) Results of a 1 to 1 mixture of hIAPP and rIAPP. Black, hIAPP; green, 

rIAPP. (D) Results of a 1 to 10 mixture of hIAPP and PM. PM was in 10 fold excess. Black, 

hIAPP; pink, PM. (E) Results of a 1 to 10 mixture of hIAPP and rIAPP. rIAPP was in 10 fold 

excess. Black, hIAPP; dark blue, rIAPP.  
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Figure 4.5 Effects of replacing His-18 and Phe-23 in PM by the corresponding residues of 

rIAPP. 

(A) The kinetics of hIAPP amyloid formation in the presence of H18R PM monitored by 

thioflavin-T fluorescence assays. Black, hIAPP; red, a 1:1 mixture of hIAPP and H18R PM; 

green, a mixture of hIAPP and H18R PM at a 1 to 2 ratio; blue, a mixture of hIAPP and H18R 

PM at a 1 to 5 ratio; pink, a mixture of hIAPP and H18R PM at a 1 to 10 ratio; grey, 160 µM 

H18R PM. (B) The kinetics of hIAPP amyloid formation in the presence of F23L PM monitored 

by thioflavin-T fluorescence essays. The same color coding is used here as in panel A. The 

kinetic experiments were conducted in 20 mM Tris-HCl (pH 7.4), without stirring at 25 °C. The 

concentration of hIAPP was 16 μM. 
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Figure 4.6 TEM of mixtures of hIAPP and H18R PM at different ratios. 

(A) TEM image of a 1:1 mixture of hIAPP and H18R PM. (B) TEM image of a 1:2 mixture of 

hIAPP and H18R PM. (C) TEM image of a 1:5 mixture of hIAPP and H18R PM. (D) TEM 

image of a 1:10 mixture of hIAPP and H18R PM. (E) TEM image of H18R PM at 160 µM. All 

images were collected at the end of each kinetic experiment shown in Figure 4.5A. Scale bars 

represent 100 nm. 
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Figure 4.7 TEM of mixtures of hIAPP and F23L PM at different ratios. 

(A) TEM image of a 1:1 mixture of hIAPP and F23L PM. (C) TEM image of a 1:2 mixture of 

hIAPP and F23L PM. (D) TEM image of a 1:5 mixture of hIAPP and F23L PM. (E) TEM image 

of a 1:10 mixture of hIAPP and F23L PM. (F) TEM image of F23L PM at 160 µM. All images 

were collected at the end of each kinetic experiment shown in Figure 4.5B. Scale bars represent 

100 nm.  
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Figure 4.8 Summary of the effect of the different inhibitors on amyloid formation by 

hIAPP. 

The factors by which the T50 for hIAPP amyloid formation was increased were plotted as; grey, 

hIAPP; black, mixtures of hIAPP and PM at different ratios; red, mixtures of hIAPP and rIAPP 

at different ratios; green, mixtures of hIAPP and H18R PM at different ratios; yellow, mixtures 

of hIAPP and F23L PM at different ratios. Values were determined from the kinetic curves 

shown in Figure 4.2 and Figure 4.5. 
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Figure 4.9 TEM image of (A) rIAPP and (B) PM.  

Aliquots were taken at the end of corresponding kinetic experiments shown in Figure 4.2. Scale 

bars represent 100 nm. Kinetic experiments were carried out in 20 mM Tris-HCl (pH 7.4), 

without stirring at 25 °C. The concentration of rIAPP or PM was 160 µM. 
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Figure 4.10 hIAPP fibrils do not seed amyloid formation by PM. 

(A) Thioflain-T fluorescence results. Black, hIAPP; brown, PM seeded by 10% (by 

concentration) hIAPP fibrils. An aliquot was taken at the end of the experiment indicated by the 

black curve and used as seeds. Experiments were conducted in 20 mM Tris-HCl (pH 7.4), 

without stirring at 25 °C. The concentration of hIAPP and PM was 16 µM. Seeds used in the 

experiment shown by the brown curve included 1.6 µM hIAPP amyloid fibrils. (B) TEM image 

of a sample of seeding experiments. An aliquot was taken at the end of the experiment indicated 

by the brown curve in panel A for the TEM image. Scale bar represents 100 nm.    
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Chapter 5 Rationally Designed, Non-Toxic, Non-Amyloidogenic Analogs of 

Human Islet Amyloid Polypeptide with Improved Solubility.  

Abstract. 

Human islet amyloid polypeptide (hIAPP or amylin) is a hormone produced in the 

pancreatic β cells which normally plays a complementary role with insulin in glycemic control. 

hIAPP is deficient in both type 1 and type 2 diabetes patients and is thus a promising adjunct to 

insulin therapy. However, hIAPP rapidly forms amyloid and its strong tendency to aggregate 

limits its usefulness.  hIAPP Amyloid formation is toxic to cultured -cells and islets, and islet 

amyloid formation in vivo has been linked to -cell death and to islet graft failure. An analog of 

hIAPP with reduced tendency to aggregate, denoted Pramlintide, has been approved by the FDA. 

Pramlintide suffers from solubility issues, particularly at physiological pH, and its unfavorable 

solubility profile prevents co-formulation with insulin.  We describe rationally designed analogs 

of hIAPP, developed using the strategy of mutating select residues to proline and making 

substitutions to increase the net charge on the molecule, that have improved properties. An H18R 

G24P I26P triple mutant and an H18R, Ala-25, Ser-28, Ser-29 quadruple mutant are  

significantly more solubility at neutral pH than hIAPP and PM, are non-amyloidogenic and are 

not toxic to INS -cells. The approach is not limited to these two examples; additional analogs 

can be designed using this strategy. To illustrate this point we show that a S20R G24P I26P triple 

mutant and a H18R I26P double mutant are non-amyloidogenic and significantly more soluble 

than human IAPP or PM. These analogs and second generation derivatives are potential 

candidates for the co-formulation of IAPP with insulin and other polypeptides.   
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The work in this chapter has been submitted to Biochemistry. This chapter contains direct 

excerpts from that manuscript, which was written by me with the assistance of Prof. Daniel 

Raleigh and Dr. Andishen Abedini. 

5.1 Introduction 

Insulin therapy is the most widely used clinical treatment for type 1 and type 2 diabetes. 

Despite improvements in insulin therapy over the past few decades, the goal of reinstating 

complete physiological glucose homeostasis in diabetes patients is far from achieved. In 

particular, postprandial hyperglycemia remains an obstacle even with aggressive insulin therapy, 

likely in part because diabetes is a multihormonal disease which involves the disturbed secretion 

of several hormones that physiologically work in concert to achieve normal glycemic control.
58

  

Human islet amyloid polypeptide (hIAPP or amylin) is a neuropancreatic hormone 

produced in the pancreatic β-cells, that is stored in the insulin secretory granule and co-secreted 

with insulin.
155, 221

 Mature hIAPP is 37 residues in length with an amidated C-terminus and a 

disulfide bond between Cys-2 and Cys-7 (Figure 5.1). hIAPP normally complements the effects 

of insulin by suppressing postprandial glucagon secretion, helping regulate the rate of gastric 

emptying, and inducing satiety to suppress food intake.
54-57

 The polypeptide forms amyloid in 

the pancreatic islets of Langerhans in type 2 diabetes by an unknown mechanism. IAPP amyloid 

deposits are associated with reduced β-cell mass and are believed to contribute to type 2 

diabetes.
80, 81, 155, 156, 212

 Recent studies have revealed that islet amyloid contributes to the failure 

of islet transplantation and have shown the prevention of islet amyloid enhances graft survival. 

98, 157
 hIAPP is also prone to aggregate in vitro, indeed it is one of the most aggregation prone 

naturally occurring sequences known, and aggregates more aggressively than Aβ. 
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hIAPP is deficient in both type 1 and type 2 diabetes patients,
222-224

 and is hence a 

promising adjunct to insulin therapy. However, clinical use of hIAPP is not practical because of 

its aggressive tendency to aggregate in vitro, leading to difficulties in formulation and storage. 

Furthermore, hIAPP aggregates are toxic to β-cells. Rat IAPP (rIAPP) differs from the human 

polypeptide at six positions, is not toxic, does not form amyloid and is more soluble than 

hIAPP,
145

 owing, in part, to three prolines found in the rat sequence at positions 25, 28 and 29. 

These residues are Ala, Ser and Ser respectively in the human polypeptide (Figure 5.1). The 

sequence differences between rat and human IAPP have been exploited to develop a more 

soluble analog of hIAPP, pramlintide (PM), that has been approved by the FDA, in which 

residues 25, 28, and 29 of hIAPP were substituted with proline (Figure 5.1). The substitution of 

the three prolines renders the human peptide non-amyloidgenic. Clinical studies show that PM 

retains the activity of hIAPP and the addition of PM to insulin therapy improves postprandial 

glycemic control in patients with type 1 and type 2 diabetes.
58-63

 

PM still has solubility issues particularly at physiological pH. PM is more soluble at acidic 

pH where the N-terminus and His-18 will be fully protonated and is formulated under these 

conditions, while insulin is formulated at near neutral pH. This prevents the co-formulation of 

insulin and PM, and requires separate injections of the drugs, leading to increased cost. There is 

also interest in the co-formulation of IAPP or PM with other proteins, and IAPP analogs with 

improved solubility could be useful in this context as well. 
225-227

 

 

Here, we describe rationally designed analogs of hIAPP developed using the strategy of 

mutating select residues to proline and making substitutions to increase the net charge on the 

molecule, that have improved properties.  We illustrate the approach with an H18R G24P I26P 
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triple mutant (TM-a) and an H18R, Ala-25, Ser-28, Ser-29 quadruple mutant (QM). Both are 

significantly more soluble than hIAPP or PM, and both are non-amyloidogenic and are not toxic 

to INS -cells. The approach is not limited to these two cases and additional analogs can be 

designed using this strategy (Figure 5.1). We tested a S20R G24P I26P triple mutant (TM-b) and 

a H18R I26P double mutant (DM) as an example for the second generation of derivatives. 

5.2 Material and Methods 

5.2.1 Peptide Synthesis 

All peptides were synthesized on a 0.1 mmol scale using a CEM microwave peptide 

synthesizer. 9-fluornylmethoxycarbonyl (Fmoc) chemistry was utilized. 5-(4’-fmoc-

aminomethyl-3’5-dimethoxyphenol) valeric acid (PAL-PEG) resin was used to afford an 

amidated C-terminus. For hIAPP, TM-a, TM-b, and DM, Fmoc-protected pseudoproline 

(oxazolidine) dipeptide derivatives were incorporated to improve the yield as previously 

described.
171

 For PM and QM, only Fmoc-Ala-Thr(Ψ
Me, Me

pro)-OH and Fmoc-Leu-Ser(Ψ
Me, 

Me
pro)-OH were utilized. Standard Fmoc reaction cycles were used as previously described.

172
 

The first residue attached to the resin, all β-branched residues, all pseudoproline dipeptide 

derivatives were double-coupled. The peptides were cleaved from the resin through the use of 

standard trifluoroacetic acid (TFA) methods. 

5.2.2 Oxidation and Purification of Peptides 

Crude peptides collected after cleavage were dissolved into 20% (v/v) acetic acid and then 

lyophilized. This step was repeated several times before oxidation and purification to improve 

the solubility of the peptides. The peptides were oxidized in 100% dimethyl sulfoxide at room 



 

- 141 - 

 

temperature and were then purified via reverse-phase high-performance liquid chromatography 

(RP-HPLC) using a Vydac C18 preparative column.
173

 The purity of the peptides was checked 

by analytical HPLC before each experiment. The mass of the pure peptides was confirmed by 

ionization time-of-flight mass spectrometry. hIAPP, expected 3903.6, observed 3904.6; PM, 

expected 3949.3, observed 3949.2; QM, expected 3969.4, observed 3968.1; TM-a, expected 

3946.9, observed 3945.7; TM-b, expected 3997.4, observed, 3997.1; DM, expected 3907.3, 

observed, 3908.1.  

5.2.3 Sample Preparation 

Each peptide was dissolved into 100% hexafluoroisoproponal (HFIP) to make a 1.6 mM 

stock solution. Stock solutions were filtered using 0.45 µM Acrodisc syringe filter with a GHP 

membrane and the required amount of peptide was lyophilized overnight to remove HFIP. Dry 

peptide was dissolved into the appropriate buffer for the fluorescence assays. 

5.2.4 Fluorescence Assays 

Thioflavin-T binding assays, conducted without HFIP or stirring at 25 °C, were utilized to 

monitor amyloid formation kinetics. Fluorescence measurements were performed using a 

Beckman Coulter DTX 880 plate reader with a multimode detector using an excitation 

wavelength of 430 nm and an emission wavelength of 485 nm. Samples were prepared by 

dissolving dry peptide into Tris-HCl buffer and thioflavin-T solution immediately before the 

measurement. The final concentrations were 16 µM hIAPP or 160 µM of each analog and 32µM 

thioflavin-T in 20 mM Tris-HCl (pH 7.4). 
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5.2.5 Solubility Measurements 

Dry peptides were dissolved into PBS buffer at pH 7.4 at different initial concentrations, 

and were incubated for 7 days at 25 °C without stirring. Each sample was then centrifuged using 

a Beckman Coulter Microfuge 22R Centrifuge at 24 °C for 20 min. The relative centrifugal force 

used was 1.75×10
4
g. The solubility of each sample was approximated by measuring the 

absorbance of the corresponding supernatant at 280 nm measured using a Beckman Coulter DU 

730 UV/Vis Spectrophotometer. All of the peptides contain a single Tyr, three Phe and a 

disulfide bond and no Trp, thus their extinction coefficients at 280 nm are very similar. 

5.2.6 Transmission Electron Microscopy (TEM) 

TEM images were collected at the Life Science Microscopy Center at the State University 

of New York at Stony Brook. 15 µL aliquots of the samples used for fluorescence assays were 

removed at the end of each kinetic experiment, blotted on a carbon-coated 200-mesh copper grid 

for 1 min and then negatively stained with saturated uranyl acetate for 1min. 

5.2.7 Circular Dichroism (CD)  

Far-UV CD experiments were performed on an Applied Photophysics Chirascan CD 

spectrophotometer at 25°C. Aliquots from the kinetic experiments were removed at the end of 

each experiment and the spectra were recorded as the average of three repeats over a range of 

190-260 nm, at 1 nm intervals. A 0.1 cm quartz cuvette was used and a background spectrum 

was subtracted from the data. 
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5.2.8 Cell Culture  

Transformed rat insulinoma-1 (INS-1) pancreatic -cells were grown in RPMI 1640 

supplemented with 10% fetal bovine serum (FBS), 11 mM glucose, 10 mM Hepes, 2 mM L-

glutamine, 1 mM sodium pyruvate, 50 µM -mercaptoethanol, 100 U/ml penicillin, and 100 

U/ml streptomycin. Cells were maintained at 37 ºC under 5% CO2. 

5.2.9 AlamarBlue Cell Viability Assays  

Cytotoxicity was measured by AlamarBlue reduction assays. INS-1 -cells were seeded at 

a density of 25,000 cells per well in 96-well plates and cultured for 24 hours prior to stimulation 

with wild type human IAPP, and mutant IAPP peptides. Peptides dissolved in RPMI were added 

directly to cells and incubated on cells for 24 hrs and 48 hrs, AlamarBlue was diluted ten-fold in 

culture media and incubated on cells for another 5 hours at 37 °C. Fluorescence (excitation 530; 

emission 590 nm) was measured on a Beckman Coulter DTX880 fluorescent plate reader. Values 

were calculated relative to those of control cells treated with buffer only. All values represent 

means ± SEM (n=4). 

5.3 Results and Discussion 

5.3.1 Design of Soluble Analogs 

The rate of amylin formation by hIAPP is strongly pH dependent and is significantly faster 

above neutral pH, reflecting changes in the ionization state of the N-terminus and His-18.
129, 131, 

228, 229
 PM and hIAPP both contain a His residue at position 18. These observations lead us to 

suspect that the solubility of PM could be significantly increased by ensuring that residue 18 

remained positively charged in the pH range of interest. The two choices for substitution are 
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either Lys or Arg. Either would accomplish this goal, but the Arg replacement is found in a 

number of IAPP sequences while Lys is not, in addition the amino group in Lys is generally 

more reactive than the guanidino group of Arg owning to its lower pKa, thus we choose to 

replace His-18 in the human peptide with Arg to generate the quadruple mutant.   

It is natural to inquire if  three proline substitutions are required and if the proline 

substitutions need to be located at positions 25, 28, 29 thus we designed a second analog that 

contain only two prolines in  addition to the H18R substitution. Single proline mutations at 

position 24 or 26 of hIAPP significantly reduced the tendency of the human peptide to aggregate 

and actually convert the peptide into moderately effective inhibitors of amyloid formation by 

wild type hIAPP.
121, 122

 The motivation for choosing these sites was that substitutions with 

proline were shown to have large effects on amyloid formation by a set of ten residue fragments 

of hIAPP.
230

 However each of the single mutants can still aggregate to form non-amyloid 

aggregates at neutral pH, thus we prepared an analog (TM-a), in which both residues 24 and 26 

were mutated to proline and which include the H18R mutation. 

5.3.2 The Analogs Do Not Form Amyloid  

We first tested the propensity of the different analogs to form amyloid at pH 7.4 using 

thioflavin-T fluorescence assays. Thioflavin-T is a small dye that undergoes an increase in 

quantum yield upon binding to amyloid fibrils, and thus provides a convenient probe to monitor 

the kinetics of amyloid formation. The dye does not perturb the kinetics of hIAPP formation 

under the conditions used here. Amyloid formation follows a sigmoidal time course consisting of 

a lag phase in which few or no fibrils are formed followed by a growth phase and a saturation 

phase in which amyloid fibrils are in equilibrium with soluble peptide. Amyloid formation by 

hIAPP reaches the saturation phase within 40 hours, while none of the analogs tested (PM, TM-a 
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and QM) formed any amyloid during the time course of the experiments (about 140 hrs.) as 

indicated by flat fluorescence curves, even though they were examined at a 10 fold higher 

concentration than hIAPP (Figure 5.2). The thioflavin-T fluorescence derives from the fibril 

bound dye, and the intensity is highly dependent on how well the dye binds, hence the thioflavin-

T studies can sometimes be misleading.
231

 Therefore, we conducted TEM and CD measurement 

on the samples collected at the end of each kinetic experiment. The TEM image of hIAPP 

showed typical amyloid fibril morphology, while no fibrils were found in the TEM images of the 

three analogs (PM, TM-a and QM) (Figure 5.3). The CD results are consistent with the 

fluorescence experiments and the TEM studies; the spectrum of hIAPP showed β-sheet structure, 

while the spectra of the three analogs all indicated random structures (Figure 5.11). 

5.3.3 The Analogs Are Significantly More Soluble Than PM at Neutral pH. 

We next compared the apparent solubility of PM and TM-a and QM at pH 7.4. Each 

peptide was incubated in buffer for 7 days at three different concentrations (100 µM, 500 µM 

and 1 mM) and the solution was then centrifuged. The apparent solubility was represented by the 

absorbance of the supernatant of each sample measured at 280 nm. The extinction coefficients of 

all polypeptides are very similar at 280 nm since they all contain the same aromatic residues and 

each contains a disulfide bond. A sample of hIAPP at 1 mM was used as a control. At 100 µM, 

there is a detectable difference in apparent solubility. The supernatant of the QM sample has a 

higher absorbance, 0.162, than that of TM-a and PM, 0.103 and 0.112 respectively (Figure 5.4). 

At higher concentrations (500 µM and 1 mM), the amount of peptide remaining in solution was 

significantly higher for both analogs compared to PM. At 1 mM, the absorbance of the soluble 

fraction of TM-a and QM were 1.23 and 1.33 respectively, while that value of PM was only 

0.354. In comparison, the absorbance of the supernatant of the 1 mM hIAPP was 0.109 (Figure 
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5.4). At 500 µM, the absorbance of the supernatant of TM-a and QM were 0.609 and 0.716 

respectively, and both were still significantly higher than that of PM, 0.330 (Figure 5.4).  

5.3.4 Neither TM-a Nor QM Are Toxic to -cells. 

We tested the effects of the analogs on cell viability using rat INS-1 β-cells, a pancreatic 

cell line that is commonly employed in studies of hIAPP toxicity. Cell viability was monitored 

by AlamarBlue assays conducted at both 30 µM and 60 µM. hIAPP was used as a positive 

control. Incubating INS-1 β-cells with 30 µM hIAPP lead to clearly distinguishable toxicity; cell 

viability was reduced to 62±4% relative to the media alone control after 24 hr incubation and 

54±5% after 48 hr incubation. In contrast, incubation of cells with either TM-a or QM at 30 µM 

barely decreased cell viability (Figure 5.5). Increasing the hIAPP concentration to 60 µM 

resulted in even more significant cell toxicity; cell viability was reduced to only 14±9% after 24 

hr incubation and 9±9% after 48 hr incubation. In striking contrast, no obvious cytotoxicity was 

observed for TM-a or QM at 60 µM (Figure 5.6). These results demonstrated that, unlike hIAPP, 

TM-a and QM are not toxic to cells at the concentrations examined. 

5.3.5 The Strategy Can Be Extended to Include Charged Substitutions at Different Sites. 

We wanted to test if a charge substitution at a different site would also lead to an enhanced 

solubility and reduced amyloidogenicity. We chose to target Ser-20.  Substitution of a glycine at 

this site leads to accelerated amyloid formation while replacement with a Lys has been shown to 

slow significantly, but not prevent amyloid formation.
126

  

We prepared a S20R, G24P, I26P triple mutant (TM-b), and tested both its ability to form 

amyloid and its apparent solubility at neutral pH. Thioflavin-T fluorescence experiments and the 

TEM images both showed that TM-b did not form amyloid fibrils during the time course of the 
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experiments, even at 160 µM peptide concentration (Figure 5.7). We then compared the apparent 

solubility of TM-b with PM and TM-a at pH 7.4 using the same method as mentioned earlier 

(Figure 5.8). TM-b is somewhat more soluble than PM and TM-a at 100 µM. The absorbance of 

the soluble fraction of TM-b, TM-a and PM sample is 0.155, 0.103 and 0.112, respectively. 

However, TM-b is much more soluble than PM and somewhat more soluble than TM-a at 500 

µM and 1 mM. The absorbance of the supernatant of samples of TM-b prepared at a 

concentration of 500 µM and 1 mM were 0.785 and 1.49, respectively, while the values for PM 

were 0.330, and 0.354 respectively. 

5.3.6 Multiple proline substitutions are not necessary in this strategy. 

Single proline substitution have been reported to reduce the amyloidgenicity of hIAPP.
121

 

To test if multiple proline substitutions are required to accompany the charged mutations in order 

to improve the solubility at neutral pH, we tested a H18R, I26P double mutant of hIAPP (DM). 

This peptide did not form amyloid during the time course of the experiments, as demonstrated by 

a flat thioflavin-T fluorescence curve and by TEM images (Figure 5.9). DM showed a much 

better solubility at neutral pH than PM, similar to the behavior of TM-a and TM-b, each of which 

has one more Pro substitution in the sequence (Figure 5.10). The absorbance of the soluble 

fraction of 1 mM, 500 µM, and 100 µM samples of DM measured after one week incubation is 

1.18 for the 1 mM sample, 0.673 for the 500 µM sample, and 0.104 for the 100 µM sample. 

5.4 Conclusions 

In this work, we developed a simple strategy to design non-amyloidgenic, non-toxic 

analogs of hIAPP with significantly better solubility at neutral pH. The strategy includes a 

combination of mutations that increase the net charge of the peptide and single or multiple 
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proline substitutions. Our results demonstrate that the strategy is not limited to a specific site and 

there is no strict requirement for the number of proline substitutions. In the present case, we have 

localized the proline substitutions within the region of residue 20 to 29, however, it is known that 

multiple proline substitutions outside this segment can reduce amyloidogenicity, thus the 

approach may be even more general.
128

 It is likely that N-methylated amino acids could also be 

used, since they, like proline, are β-sheet breakers. Analogs such as the ones described here, and 

next generation variants, could prove useful as potential adjunct to insulin therapy and allow co-

formulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 149 - 

 

5.5 Figures 

 

 

                               H3N KCNTATCATQ RLANFLVRSS NNLGPVLPP TNVGSNTY C
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Figure 5.1 Peptide sequence. 

Sequence of human-IAPP (hIAPP), rat-IAPP (rIAPP), Pramlintide (PM), H18R Pramlintide 

(QM), H18R, G24P, I26P-IAPP (TM-a), S20R, G24P, I26P-IAPP (TM-b), and H18R, I26P-

IAPP (DM). Each peptide has a disulfide bond connecting Cys 2 and Cys 7 and an amidated C-

terminus. Residues which differ from human IAPP are colored red. 
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Figure 5.2 The kinetics of amyloid formation by hIAPP, TM-a, QM and PM monitored by 

thioflavin-T fluorescence assays. 

Blue, hIAPP; black, TM-a; red, QM; green, PM. The black, red, and green curves overlap. The 

kinetic experiments were conducted in 20 mM Tris-HCl (pH 7.4), without stirring at 25 °C. The 

concentration of hIAPP was 16 μM. The concentration of the other three peptides was 160 μM.   
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Figure 5.3 TEM images of (A) hIAPP, (B) TM-a, (C) QM and (D) PM.  

TEM images were recorded from samples that were collected at the end of each kinetic 

experiment shown in Figure 5.2. Scale bars represent 100 nm.  

 

 

 

 

 

 

 

 

 

A B 

C D 



 

- 152 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Comparison of the apparent solubility of TM-a, QM, PM and hIAPP. 

The apparent solubility of the different peptides in PBS buffer at pH 7.4 is represented by 

absorbance at 280 nm and was measured after 7 days. (A) Amount of peptide remaining in the 

supernatant of samples of TM-a (black), QM (red), PM (green) and hIAPP (blue) samples 

prepared at an initial concentration of 1 mM. (B) Amount of peptide remaining in the supernatant 

of samples of TM-a, QM and PM measured for different initial concentrations. The same color 

coding is used here as in panel A. The absorbance was measured after centrifugation at 24°C for 

20 min. The relative centrifugal force used was 1.75×10
4
g. 
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Figure 5.5 Comparison of the cell toxicity induced by hIAPP, TM-a and QM at 30 µM 

peptide concentration. 

(A) Cell viability measured after 24 hr incubation of the peptides with the cells as judged by 

AlmarBlue Assays. (B) Cell viability measured after 48 hr incubation of the peptides with the 

cells as judged by AlmarBlue assays. The error bars represent the standard deviation determined 

from 4 repeated measurements. The data presented here were collected by our collaborators in 

New York University. 
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Figure 5.6 Comparison of cell toxicity induced by hIAPP, TM-a and QM at a peptide 

concentration of 60 µM. 

(A) Cell viability measured after 24 hr incubation of the peptides with the cells as judged by 

AlmarBlue Assays. (B) Cell viability measured after 48 hr incubation of the peptides with the 

cells as judged by AlmarBlue assays. The error bars represent the standard deviation determined 

from 4 repeated measurements. The data presented here were collected by our collaborators in 

New York University. 

 

 

 

hIAPP TM-a QM media

%
 C

e
ll 

V
ia

b
ili

ty

0

20

40

60

80

100

120

hIAPP TM-a QM media

%
 C

e
ll 

V
ia

b
ili

ty

0

20

40

60

80

100

120

B 

A 



 

- 155 - 

 

 

 

 

 

                                                                                          

 

                                                                                                                                                  

Figure 5.7 TM-b does not form amyloid during the time course of the experiments. 

(A) The kinetics of amyloid formation by TM-b monitored by thioflavin-T fluorescence assays. 

The kinetic experiments were conducted in 20 mM Tris-HCl (pH 7.4), without stirring at 25 °C. 

The concentration of TM-b was 160 μM. (B) A TEM image of a sample collected at the end of 

the experiment shown in panel A. The scale bar represents 100 nm. 
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Figure 5.8 Comparison of the apparent solubility of samples of TM-a, TM-b and PM 

prepared at different initial concentrations. 

The apparent solubility of the peptides in PBS buffer at pH 7.4 is represented by absorbance at 

280 nm and was measured after 7 days. Black, TM-a; red, TM-b; green; PM. The absorbance 

was measured after centrifugation at 24°C for 20 min. The relative centrifugal force used was 

1.75×10
4
g. 
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Figure 5.9 DM does not form amyloid during the time course of the experiments. 

(A) The kinetics of amyloid formation by DM monitored by thioflavin-T fluorescence assays. 

The kinetic experiments were conducted in 20 mM Tris-HCl (pH 7.4), without stirring at 25 °C. 

The concentration of DM was 160 μM. (B) A TEM image of a sample collected at the end of the 

experiments shown in panel A. The scale bar represents 100 nm. 
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Figure 5.10 Comparison of the apparent solubility of samples of TM-a, TM-b, PM and DM 

prepared at different initial concentrations. 

The apparent solubility of the peptides in PBS buffer at pH 7.4 is represented by absorbance at 

280 nm and was measured after 7 days. Black, TM-a; red, TM-b, green; PM, yellow, DM. The 

absorbance was measured after centrifugation at 24°C for 20 min. The relative centrifugal force 

used was 1.75×10
4
g. 
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Figure 5.11 CD spectra of aliquots of hIAPP (A), TM-a (B), QM (C) and PM (D) taken at 

the end of each kinetic experiment shown in Figure 5.2. 

The scatter and the low intensity of the spectrum shown in panel A reflect the fact that hIAPP 

formed amyloid. 
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Chapter 6 General Amyloid Inhibitors? A Critical Examination of the 

Inhibition of IAPP Amyloid Formation by Inositol Stereoisomers 

Abstract 

Islet amyloid polypeptide (IAPP or amylin) forms amyloid deposits in type 2 diabetes; a 

process that is believed to contribute to the progression of the disease and to the failure of islet 

transplants.  An emerging theme in amyloid research is the hypothesis that the toxic species 

produced during amyloid formation by different polypeptides share common features and exert 

their effects by common mechanisms. If correct, this suggests that inhibitors of amyloid 

formation by one polypeptide might be effective against other amyloidogenic sequences. IAPP 

and Aβ, the peptide responsible for amyloid formation in Alzheimer’s disease, are particularly 

interesting in this regard as they are both natively unfolded in their monomeric states and share 

some common characteristics. Comparatively little effort has been expended on the design  of 

IAPP amyloid inhibitors, thus it is natural to inquire if Aβ inhibitors are effective against IAPP, 

especially since no IAPP inhibitors have been clinically approved. A range of compounds inhibit 

Aβ amyloid formation, including various stereoisomers of inositol. Myo-, scyllo-, and epi-

inositol have been shown to induce conformational changes in Aβ and prevent Aβ amyloid fibril 

formation by stabilizing non-fibrillar, β-sheet structures. We investigate the activity of inositol 

stereoisomers to inhibit amyloid formation by IAPP. The compounds do not induce a 

conformational change in IAPP and are ineffective inhibitors of IAPP amyloid formation, 

although some do lead to modest, apparent changes in IAPP amyloid fibril morphology. Thus not 

all classes of Aβ inhibitors are effective against IAPP. The study provides a basis of comparison 

to work on polyphenol based inhibitors of IAPP amyloid formation and helps provide clues as to 
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the features which render them effective. The study also helps provide information for further 

efforts in rational inhibitor design.  

 

The work in this chapter has been submitted to Plos One. This chapter contains direct excerpts 

from that manuscript, which was written by me with the assistance of Prof. Daniel Raleigh. 

6.1 Introduction 

Amyloid formation plays a role in a range of human diseases including Alzheimer’s 

disease, Parkinson’s disease and type 2 diabetes (T2D).
153, 154

 Islet amyloid polypeptide (IAPP or 

amylin) is a neuroendocrine hormone that forms amyloid deposits in the pancreatic islets of 

Langerhans in T2D.
155, 156

 The peptide normally suppresses postprandial glucagon secretion, 

helps regulate gastric emptying, and induces satiety, thereby complementing the effects of 

insulin in glycemic control, but IAPP forms islet amyloid in T2D for an unknown reason. 
54-57

 

Islet amyloid formation is associated with the reduction of β cell mass in T2D and is believed to 

contribute to the progression of the disease.
79-81

 Recent investigations have revealed that islet 

amyloid also contributes to graft failure in islet transplantation.
98, 157

 IAPP is produced as a 

prohormone and is processed in the Golgi as well as the insulin secretory granule, where it is 

stored. Mature IAPP is 37 residues in length with a disulfide bond in its N-terminus and an 

amidated C-terminus (Figure 6.1). The peptide aggregates aggressively in vitro and is toxic to 

cultured pancreatic islet β cells and islets.
99

  

An emerging theme in amyloid research is the hypothesis that the toxic species produced 

during amyloid formation share common physio-chemical features and exert their deleterious 

effects by common modes.
232-236

 If correct, this suggests that inhibitors of amyloid formation by 
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one polypeptide might be effective against other amyloidogenic sequences. IAPP and Aβ are 

particularly interesting in this regard as both are natively unfolded in their monomeric states, and 

although they have little direct sequence identity, they do share some common characteristics 

(Figure 6.1).
32

 Comparatively little effort has been expended on the design and development of 

islet amyloid inhibitors compared to that invested in studies of Aβ inhibitors. Thus it is natural to 

inquire if Aβ inhibitors are effective against IAPP, especially since none of the existing IAPP 

inhibitors have been clinically approved and the mechanism of their action is not well 

understood.
21, 121, 122, 124, 149, 237-239

  

Some peptide inhibitors, based on the full sequence of IAPP, have been derived that are 

also effective against Aβ in vitro.
122, 240

 The polyphenol epigallocatechin-3-gallate (EGCG) also 

inhibits amyloid formation by a wide range of natively unfolded polypeptides, but its mode of 

action is not clear, and in some cases might involve chemical modification of the target 

peptide.
21, 151, 152, 205

 However, neither EGCG nor the long peptide based inhibitors are “drug 

like” and it is not clear if the results with these compounds are generalizable.  

A range of compounds have been reported to inhibit Aβ amyloid formation, including 

various stereoisomers of inositol. Inositols are a class of cyclohexylpolyols with eight naturally 

occurring stereoisomers, the physiologically active four of which are: myo-, chiro-, epi- and 

scyllo-inositol (Figure 6.1).
241

 Both myo- and scyllo-inositol are found in the human central 

nervous system,  and myo-inositol, the most abundant stereoisomer, is the head group of 

phosphotidylinositol and plays a role in a range of physiological processes.
241, 242

 In vitro studies 

have shown that inositol stereoisomers inhibit amyloid formation by Aβ42 in a stereochemistry-

dependent manner. Myo-, scyllo-, and epi-inositol prevent Aβ amyloid fibril formation by 

stabilizing non-fibrillar, β-sheet structures and have been shown to protect cultured neuronal 
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cells from Aβ-induced toxicity, while chiro-inositol does not have these effects.
243, 244

 These 

studies were conducted with the inositol stereoisomers in large excess, at a peptide to inositol 

ratio of 1 to 20 by weight (~ 1 to 500 by molar). A more recent study of the interaction of Aβ42 

and scyllo-inositol used thioflavin-T fluorescence assays to show that the compound, when 

added in a 10-fold molar excess, only slightly slowed the rate of Aβ42 amyloid formation and 

did not abolish fibril formation.
245

 The two studies argue that the capability of inositol to inhibit 

Aβ42 amyloid formation is dose dependent. This conclusion is supported by a recent ion 

mobility spectrometry study conducted at a peptide to scyllo-inositol ratio of 1 to 1, which 

revealed that scyllo-inositol reduced the extent of oligomer formation by a fragment of Aβ, 

Aβ(25-35), but did not prevent the formation of oligomers with β-sheet fibrillar structure.
246

  

Collectively, the in vitro data indicate that scyllo-inositol inhibits Aβ amyloid formation in a 

dose dependent manner and protects cultured neurons. Scyllo-inositol has also been reported to 

prevent and reverse the Alzheimer phenotype in a mouse model.
247

  

However, this class of compounds has not been investigated as IAPP inhibitors, and the 

most effective small molecule anti-IAPP compounds in vitro, polyphenols and sulfated triphenyl 

methyl compounds are undesirable as drug leads. Thus, it is important to expand the chemical 

diversity of potential IAPP inhibitors. Here we investigate the activity of four inositol 

stereoisomers to inhibit amyloid formation by IAPP.  Myo-, scyllo-, and epi-inositol have been 

shown to induce conformational changes in Aβ and prevent Aβ amyloid fibril formation by 

stabilizing non-fibrillar, β-sheet structures. The compounds do not induce a conformational 

change in IAPP and are ineffective inhibitors of IAPP amyloid formation, although some do lead 

to changes in IAPP amyloid fibril morphology. Thus not all classes of Aβ inhibitors are effective 

against IAPP.  
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The study is also of interest as a basis of comparison to work on polyphenol based 

inhibitors of IAPP amyloid formation. EGCG and other polyphenols inhibit IAPP amyloid 

formation, but the mechanism is not fully understood and it is not known if the effects are due to 

their multiple hydroxyl functionalities, the polyphenolic character, or other features.
21, 149, 152, 239

 

The results also help provide clues about the features important in polyol and polyphenol based 

IAPP amyloid inhibitors and help provide a basis for further rational inhibitor design.  

6.2 Material and Methods 

6.2.1 Peptide Synthesis 

IAPP was synthesized using a CEM microwave peptide synthesizer on a 0.1 mmol scale, 

utilizing 9-fluorenylmethyloxycarbonyl (Fmoc) chemistry. The 5-(4’-Fmoc-aminomethyl-3’5-

dimethoxyphenol) valeric acid (PAL-PEG) resin was used in order to afford an amidated C-

terminus. To improve the yield, Fmoc-protected pseudoproline (oxazolidine) dipeptide 

derivatives were incorporated as previously described.
171

 Standard Fmoc reaction cycles were 

used as previously described.
172

 The first residue attached to the resin, all β-branched residues 

and all pseudoproline dipeptide derivatives were double-coupled. Standard trifluoroacetic acid 

(TFA) methods were employed to cleave the peptides from the resin. 

6.2.2 Peptide Oxidation and Purification 

After cleavage, crude peptides were dissolved into 20% (v/v) acetic acid and then 

lyophilized. This step was repeated several times before oxidation to improve the solubility of 

the peptides. The dry peptides were dissolved into 100% dimethyl sulfoxide at room temperature 

to promote disulfide formation and then were purified via reverse-phase high-performance liquid 
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chromatography using a Vydac C18 preparative column.
173

 The purity of the peptide was 

checked by analytical HPLC before each experiment, and the mass of the peptide was identified 

by ionization time-of-flight mass spectrometry; IAPP, expected 3903.6, observed 3904.6. 

6.2.3 Sample Preparation 

Myo-, Scyllo-, and chiro-inositol were purchased from Sigma. Epi-inositol was purchased 

from TCI America. They were used without further purification. They were dissolved in 20 mM 

Tris-HCl buffer at pH 7.4 to make 50 mM stock solutions before each experiment. IAPP was 

dissolved in 100% hexafluoroisoproponal (HFIP) to make a 1.6 mM stock solution. Stock 

solutions of the peptide were filtered using 0.45 µM Acrodisc syringe filter with a GHP 

membrane and the required amount of peptide was lyophilized overnight to remove HFIP. Dry 

peptide was dissolved into Tris-HCl buffer for the fluorescence experiments. 

6.2.4 Thioflavin-T Detected Fluorescence Assays 

Amyloid formation was monitored by thioflavin-T binding assays conducted without 

stirring at 25 °C. A Beckman Coulter DTX 880 plate reader with a multimode detector was used 

to measure the fluorescence, using an excitation wavelength of 430 nm and an emission 

wavelength of 485 nm. Immediately before the measurement, dry peptide was dissolved into 

Tris-HCl buffer and thioflavin-T solution, followed by the addition of inositol from stock 

solutions when inositol was used. The final concentrations were 16 µM IAPP and 32 µM 

thioflavin-T in 20 mM Tris-HCl (pH 7.4) When inositol was present, the IAPP to inositol ratio 

was at 1 to 20 by weight. 
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6.2.5 Circular Dichroism (CD) 

Far-UV CD experiments were performed on an Applied Photophysics Chirascan CD 

spectrophotometer at 25 °C. Aliquots from the kinetic experiments were removed at the time 

points of interest and the spectra were recorded as the average of three repeats over a range of 

190-260 nm, at 1 nm intervals. A 0.1 cm quartz cuvette was used and a background spectrum 

was subtracted from each measurement. 

6.2.6 Transmission Electron Microscopy (TEM) 

TEM images were collected at the Life Science Microscopy Center at Stony Brook 

University. 15 µL aliquots were removed from the solution, blotted on a carbon-coated 200-mesh 

copper grid for 1 min and then negatively stained with saturated uranyl acetate for 1 min. 

6.3 Results and Discussion 

6.3.1 Inositols Do Not Induce a Conformational Change in IAPP, Unlike Their Effect on Aβ. 

Previous studies showed that myo-, epi- and scyllo-inositol immediately induce Aβ42 to 

form β-structure, while chiro-inositol does not.
243, 244

 To test if inositol exerts similar effects on 

IAPP, we incubated the polypeptide with each stereoisomer separately at a peptide to inositol 

ratio of 1 to 20 by weight, chosen to mimic the conditions used for the Aβ studies. CD was used 

to monitor the conformation of IAPP. Immediately after mixing, all of the samples showed 

typical random coil structure CD spectra which were indistinguishable from the spectrum of 

IAPP alone (Figure 6.2), indicating that the compounds exert different effects on IAPP compared 

to A. TEM images of all of the mixtures were similar to images recorded of freshly dissolved 

IAPP alone and only showed a few amorphous aggregates (Figure 6.3). Under the conditions of 
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our experiments, IAPP forms amyloid with a lag time of about 10 hours. We collected the CD 

spectra again after 5 hours incubation, a time chosen to be in the middle of the lag phase, but did 

not observe any obvious conformational change induced by any of the four stereoisomers (Figure 

6.2). 

6.3.2 Inositol Is a Modest Inhibitor of IAPP Aggregation, But Does Not Abolish Amyloid 

Fibril Formation. 

In the case of Aβ42, three of the isomers proved to be effective at inhibiting amyloid 

formation. No fibrils were detected during the time course of the experiments conducted in the 

presence of myo-, epi-, and scyllo-inositol, but fibrils with typical Aβ42 amyloid fibril 

morphology were reported in the presence of chiro-inositol. We measured the kinetics of 

amyloid formation by IAPP in the presence of each inositol stereoisomer using fluorescence 

detected thioflavin-T binding assays. Thioflavin-T is a small dye that undergoes an increase in its 

quantum yield upon binding to amyloid fibrils and is widely used to monitor the kinetics of 

amyloid formation.  Prior work has shown that the dye does not perturb the kinetics of IAPP 

amyloid formation under the conditions used here. As shown in Figure 6.4, the four 

stereoisomers have modest inhibitory effects on IAPP amyloid formation. Myo-inositol, the most 

potent inhibitor among the four against IAPP, increased the lag phase of IAPP amyloid 

formation by a factor of 2, compared to a factor of 1.7 for epi-inositol and 1.4 for scyllo-inositol. 

Comparison to the published data on the ability of these three stereoisomers to inhibit amyloid 

formation by Aβ shows that the compounds are far less effective at inhibiting IAPP amyloid 

formation. Chiro-inositol barely changed the lag time of IAPP in our studies, which is generally 

consistent with the results of the earlier work on Aβ. We collected TEM images at the end of 

each reaction to examine the effects of different inositol stereoisomers on fibril morphology. The 
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fibrils formed by IAPP in the presence of chiro- or epi-inositol had a typical fibril morphology 

which was indistinguishable from that observed for fibrils formed by IAPP alone. In contrast, in 

the presence of myo- or scyllo-inositol, shorter fibrils were observed (Figure 6.5). 

6.3.3 The Potential Molecular Basis for the Different Effects of Inositols on Aβ and IAPP. 

The mechanism of inositol-Aβ42 interaction is not fully understood. Molecular dynamics 

(MD) simulations have led to the hypothesis that scyllo- and chiro-inositol exhibit similar weak 

binding to a seven residue core fragment of Aβ, Aβ(16-22), which contains a di-phenylalanine 

sequence. This work suggested that a stereospecific face-to-face stacking mode of scyllo-inositol 

with the Phe side chains in Aβ plays a role in the ability of the compound to inhibit amyloid 

formation. The stacking is postulated to result from the interaction of the two hydrophobic planar 

surfaces in the compound with Aβ. The equatorial position of the hydroxyls in scyllo-inositol 

leads to two hydrophobic faces, and this combined with a higher propensity for hydrogen 

bonding was proposed to contribute to the stereochemistry-dependent activity observed.
248, 249

 

The simulations also suggested that inositol inhibits Aβ amyloid formation by preventing the 

lateral association or stacking of protofibrillar β-sheet oligomers.
249

 IAPP contains three aromatic 

residues, F15, F23 and Y37, but lacks a di-aromatic sequence. The prior results together with a 

sequence comparison of IAPP and Aβ suggest that inositol peptide interactions are sequence 

specific and may depend on the aromatic sequence in Aβ.  

6.4 Conclusions 

We have characterized the ability of four stereoisomers, myo-, scyllo-, epi- and chiro-

inositol to inhibit amyloid formation by IAPP. Their efficacy is stereo-chemically dependent. 

Chiro-inositol does not affect IAPP amyloid formation, consistent with prior studies on Aβ. 
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However, the remaining three inositol stereoisomers clearly have much less effect upon IAPP 

amyloid formation than they do on Aβ amyloid formation. Myo-inositol, the most potent 

inhibitor among the four under our experimental conditions, still had only very modest effects, 

and increased the lag time of IAPP amyloid formation by just 2 fold. In sharp contrast, according 

to published reports, myo-, epi-, and scyllo-inositol totally abolish amyloid fibril formation by 

Aβ when added at the same concentration used here.
243, 244

 Moreover, these inositol 

stereoisomers stabilized non-fibrillar β-structure in Aβ, an effect that was proposed to contribute 

to the inhibition of fibril formation.
243, 244

 In contrast, none of the stereoisomers tested were 

capable of inducing an initial conformational change in IAPP, similar to that seen for Aβ. These 

observations clearly indicate that the design of amyloid inhibitors is likely to be specific for the 

protein of interest, and show that, while some compounds can inhibit multiple amyloidogenic 

proteins, not all inhibitors of one protein will be effective against a similar amyloidogenic 

peptide.  

Myo- and scyllo-inositol did have a modest effect on IAPP fibril morphology and shorter 

fibrils were observed in their presence. The effects of the inositol stereoisomers on fibril 

morphology are modest, but are dependent on the spatial distribution of the hydroxyl groups. 

IAPP contains a large fraction of residues with hydrogen bonding functionalities in their side 

chains (Figure 6.1), including ten Thr or Ser residues and seven Asn or Gln residues, and these 

provide multiple potential sites for hydrogen bonding interactions with the inositols.  

A range of polyphenols have been proven to be potent in vitro inhibitors of amyloid 

formation. EGCG is particularly effective and abolishes IAPP amyloid formation when added at 

a 1 to 1 ratio.
239

 It is not clear if the effects are due to the multiple hydroxyl groups of EGCG, its 

polyphenolic character, or its susceptibility to spontaneous modifications.
152

 The fact that the 
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inhibitory ability of inositol stereoisomers are stereochemistry-dependent and are much less 

effective on IAPP amyloid formation than EGCG,
21, 239

 suggests that factors other than simply 

multiple hydroxyl groups are important on polyphenol IAPP interaction. These likely include the 

aromatic character of the polyphenols, the spatial distribution of their hydroxyl groups and, at 

least in the case of EGCG, their ability to form covalent linkages with polypeptides. 
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6.5 Figures 

 

 

 

 

Figure 6.1 Peptide sequence and inositol structures. 

(A) Sequence of IAPP and Aβ42. The molecules are aligned according to reference 32. Residues 

which are identical in both sequences are labeled in red. IAPP has a disulfide bond between Cys 

2 and Cys 7 and an amidated C-terminus. (B) Structures of the inositol stereoisomers examined 

in this work. 
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Figure 6.2 Inositols do not induce a conformational change in IAPP. 

CD spectra of IAPP in the presence of different inositol stereoisomers at the beginning of the 

reaction (A) and after 300 min incubation (B). Black, IAPP; red, IAPP+myo-inositol; green, 

IAPP+epi-inositol; purple, IAPP+scyllo-inositol; blue, IAPP+chiro-inositol. The concentration 

of IAPP was 16 μM. The IAPP to inositol ratio was 1 to 20 by weight in each mixture. The 

experiments were conducted in 20 mM Tris-HCl (pH 7.4), without stirring at 25 °C.  
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Figure 6.3 TEM images at the beginning of the reaction. 

(A) IAPP (B) IAPP+myo-inositol (C) IAPP+epi-inositol (D) IAPP+scyllo-inositol (E) 

IAPP+chiro-inositol. Scale bars represent 100 nm. The concentration of IAPP was 16 μM. The 

IAPP to inositol ratio was 1 to 20 by weight in each mixture. The experiments were conducted in 

20 mM Tris-HCl (pH 7.4), without stirring at 25 °C.  
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Figure 6.4 The effect of inositols on IAPP amyloid formation depends on their 

stereochemistry. 

Kinetic curves of amyloid formation by IAPP and mixtures of IAPP with inositol stereoisomers 

monitored by thioflavin-T fluorescence assays are displayed. Black, IAPP; red, IAPP+myo-

inositol; green, IAPP+epi-inositol; purple, IAPP+scyllo-inositol; blue, IAPP+chiro-inositol. The 

concentration of IAPP was 16 μM. The IAPP to inositol ratio was 1 to 20 by weight in each 

mixture. The experiments were conducted in 20 mM Tris-HCl (pH 7.4), without stirring at 25 

°C.    
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Figure 6.5 Inositols do not prevent IAPP amyloid formation.  

TEM images of (A) IAPP, (B) IAPP+myo-inositol, (C) IAPP+epi-inositol, (D) IAPP+scyllo-

inositol and (E) IAPP+chiro-inositol were recorded at the end of the reaction. Scale bars 

represent 100 nm. An aliquot was removed at the end of each experiment for TEM analysis. The 

concentration of hIAPP was 16 μM. The IAPP to inositol ratio was 1 to 20 by weight in each 

mixture. The experiments were conducted in 20 mM Tris-HCl (pH 7.4), without stirring at 25 

°C.  
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