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Amyloid fibrils are insoluble protein aggregates found in organs and tissues, and are structurally
dominated by B-strands. Amyloid formation has been implicated in a wide range of human
diseases. Each disease is characterized by a specific protein or peptide that aggregates in certain
conditions. For example, the amyloid 3 protein (AB) forms amyloid plaques in the brain of patients
with Alzheimer’s disease and this leads to neuronal degeneration. Parkinson’s disease, another
common neurodegenerative disorder, is associated with the intracellular aggregation of a-
synuclein to form Lewy bodies in the brains of patients. This dissertation focuses on a polypeptide
hormone, human islet amyloid polypeptide (IAPP, also known as amylin), which is co-secreted

with insulin from pancreatic -cells and forms islet amyloid deposits in type 2 diabetes.

Although several models of IAPP aggregation have been proposed and inhibitors of amyloid
formation have been developed, the mechanism of amyloid formation by IAPP is still not known.

In this dissertation, the role of aromatic interaction was examined by mutational analysis of a series



of Phe to Leu mutants. We also investigated the role of the C-terminus of IAPP and its interaction
with His-18 during amyloid formation by IAPP. Several potential inhibitors of IAPP amyloid
formation including the non-steroid anti-inflammatory drugs, Aspirin and Ketoprofen, and the red
wine ingredient, Resveratrol were tested. In addition, we characterized Matrix Metallopeptidase 9
(MMP 9) IAPP cleavage products to better understand how this protease regulates IAPP amyloid
formation. These studies aim to provide new insights into the mechanism of IAPP aggregation and

the screening of inhibitors.
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Chapter 1. Introduction

A wide range of human diseases arise due to the failure of peptides or proteins to adopt their
native conformation, a process generally referred to as protein misfolding. An important subset of
these diseases involve amyloid formation. Amyloids are insoluble fibrous protein aggregates
formed by a wide range of proteins. Although there is no sequence similarity among amyloid
forming proteins, the amyloid deposits all share specific structural features. In certain cases,
amyloid fibrils can be functional and beneficial for the biological activity of living organisms. This
introduction summarizes the current understanding of the general biophysical principles of
amyloid formation and current strategies to prevent amyloid formation. The main focus of this
thesis is on the amyloid formation by human islet amyloid polypeptide (IAPP, also known as
Amylin), which is an endocrine hormone co-secreted with insulin from pancreatic -cells and is

responsible for islet amyloid deposits in type 2 diabetes.

1.1 General features of amyloid

1.1.1 Amyloid formation and human disease

More than thirty different human diseases have been associated with amyloid deposits including
Alzheimer’s disease, Parkinson’s disease and type 2 diabetes [1-5]. These diseases can be broadly
grouped into two forms: systemic and localized amyloidosis. In systemic amyloidosis, aggregation
can take place in multiple organs including the liver, kidney, spleen, heart, joints, and muscles.

The fibril forming protein is first synthesized by one or more tissues then transported via the blood



to other parts of the body. Localized amyloidosis is usually related to proteins synthesized in a
specific organ and deposited within that same organ. General pathological features of amyloidosis
include displacement of normal tissues, disruption of their function, and cell death. Diagnosis of
amyloidosis is usually via tissue biopsy and treatment depends on the type of amyloidosis, but is
often of limited effectiveness. Table 1.1 lists most of the known amyloid forming proteins and
their target organs. Most conditions are sporadic (85%), some may be hereditary (10%), or

transmissible (5%) [3].

Although the role of amyloids in diseases is not fully clear, cell toxicity via protein aggregation
was initially linked to amyloid deposits [6-8]. More recently, studies have suggested that low
molecular weight, metastable, soluble oligomers are the primary cause of toxicity [6, 9-16]. For
example, the severity of Alzheimer’s disease correlates with the level of low ordered oligomers of
Amyloid B-peptide (AB) rather than with mature AB amyloid fibrils [17, 18]. In addition,
transgenic mice show defects in cell function and cognitive impairment before accumulation of
obvious amyloid plaques [19]. Parkinson’s disease, the second most common neurodegenerative
disorder, associated with the aggregation of a-synuclein in Lewy bodies, also appears to be
involved in toxicity via early aggregates [10, 20]. The pathogenic species are considered to be the
transient population present during the process of fibrillization. There is increasing evidence that
prefibrillar aggregates from peptides and proteins other than Ap and a-synuclein can be toxic to
the cells or disrupt their function [9, 15, 16, 21, 22]. These intermediates might have interactions
with cell membranes and perturb the integrity of lipid bilayers, ultimately leading to cell death [23-
26]. However the mechanisms of toxicity are not known and other mechanisms of cellular toxicity,
including caspase-mediated apoptosis, oxidative stress and generation of reactive oxygen species

are also considered to be associated with oligomers [9, 27, 28].



1.1.2 The structure of amyloid fibrils

Amyloid fibrils are constructed from a number of protofilaments and have a characteristic highly
ordered cross-f3-sheet structure, in which a core of B-strands is aligned perpendicularly to the fibril
axis and form extended regular B-sheets. These protofilaments pack together in a helical manner
to form rope-like fibrils that are typically 10-20 nm wide [5, 29-31] (Figure 1-1). These fibrils
have the ability to bind dyes such as thioflavin-T (ThT) and Congo red (CR) and can be imaged in

vitro using transmission electron microscopy (TEM) or atomic force microscopy (AFM) [32-34].

The molecular details of amyloid fibril structures are not fully understood due to their poor
solubility, large size and the noncrystalline nature of fibrils. Recently, however, the use of solid-
state NMR [35-37] and X-ray crystallography [38, 39] have allowed considerable progress in the
understanding of amyloid fibril structures. For example, a structure model of ABi.40 has been
proposed based on constraints from solid-state NMR studies and measurement of the mass-per-
length from electron microscopy [35]. In this model, residues 12-24 and 30-40 form the core region
of the fibrils with a B-strand conformation. These strands are connected by the loop consisting of
residues 25-29, suggesting that a single cross-f unit comprises a two layered [3-sheet structure. A
simple AB1-40 protofilament consists of two AB1-40 cross-f units, and the width of the resulting four
B-sheets is ~10 A, as determined by scanning transmission electron microscopy (STEM). The other
significant approach to define the structure of amyloid fibrils is to determine the structure
microcrystals of amyloid-forming fragments. Until now, more than thirty such segments from 14
different proteins have been identified by Eisenberg and co-workers [40-42]. These segments form
three-dimensional crystals that are believed to contain some of the features that are key

characteristics of amyloid fibrils. In the case of the yeast prion protein Sup35, the segment



GNNQQNY forms both amyloid-like fibrils and closely related microcrystals, the latter which can
be utilized to reveal the atomic structure by X-ray crystallography [40]. The structure of
GNNQQONY consists of a pair of B-sheets that interact with each other through the side chains of
Asn-2, GIn-4, and Asn-6 forming a tight and dry interface. More importantly, the inter-sheet
spacing of microcrystals formed by amyloid-forming fragments, in general, matches the fibril
patterns determined by X-ray fiber diffraction (~ 4.8 A). Fragments of IAPP corresponding to the
sequences NNGFAIL and SSTNVG have been crystallized and their structure are solved by
Eisenberg’s group. This has led to a model for the IAPP fibrils which differs somewhat from NMR
study derived model. In Eisenberg’s model, the -sheets are made up of residues 8-18 and 23-37.
These studies suggest that many amyloid fibrils could have core structures with similar features

[30].
1.1.3 Mechanism of amyloid formation

The kinetics of amyloid formation are complex and difficult to describe due to the lack of
structural information for all of the transition states and due to the lack of information about
possible multiple pathways and heterogeneous oligomers. However, it is thought, based on
experimental evidences that amyloid fibril formation occurs via a nucleation-dependent
polymerization mechanism [43-45]. The formation of amyloid fibrils involves three distinct
detectable phases (Figure 1-2). (i) The initial lag phase, which is theorized to be the time required
for monomers to form an active nucleus, followed by (ii) an exponential fibril growth phase. Fibril
growth is thought to occur rapidly by the addition of either monomers or oligomers to the nucleus.
Finally, (iii) a saturation phase is reached in which the amyloid fibrils are in equilibrium with
soluble peptides. In such a nucleation-dependent mechanism, preformed amyloid fibrils can
promote further aggregation without nucleation. Therefore, the lag phase can be shortened or
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entirely abolished when the “seeds” are added at the beginning of fibrillization. The seeding
reaction is generally specific and its efficiency decreases dramatically as the sequence or fibril
structure diverges between seeds and peptide monomers [46]. Secondary nucleation is also
important for amyloid formation. Secondary nucleation pathways are usually defined as
fragmentation, with a rate depending only upon the concentration of existing fibrils, or
heterogeneous secondary nucleation which depends on both the concentration of monomers and
existing fibrils [43, 47, 48]. In the latter case, the surface of already formed fibrils acts to catalyze

formation of additional fibrils.

1.1.4 Inhibition of amyloid formation

As noted earlier, amyloid formation has been studied for years and more than thirty human
proteins can form amyloid deposits that are associated with diseases. Many amyloid diseases are
neurodegenerative and affect the elderly population. Others contribute to common disorders such
as type 2 diabetes. Therefore, there is increasing interest in amyloid research. Methods used to
inhibit amyloid induced cytotoxicity and protein aggregation have drawn considerable attention.

Several of the recently developed strategies will be discussed below.

In some cases, small molecules have been designed to stabilize the native folded state of a
protein and inhibit unfolding and aggregation. This approach is promising for proteins that have
to undergo an unfolding transition to initiate amyloid formation. For example, transthyretin (TTR)
is a tetrameric serum carrier of the thyroid hormone. The dissociation of the TTR tetramer is
believed to be rate-limiting for amyloid fibril formation under moderately acidic conditions [49,
50]. A TTR mutation, which is associated with familial amyloid polyneuropathy (FAP), exhibits

an enhanced rate of amyloid formation due to tetramer destabilization [50, 51]. The compound



tafamidis meglumine was rationally designed to stabilize the TTR tetramer and has been brought

into clinical trials and approved for use in Europe [52, 53].

A large number of synthetic compounds, natural products and peptide-based inhibitors have been
shown to inhibit the formation of amyloid fibrils by some proteins. Polyphenol compounds
including curcumin, resveratrol, morin hydrate, epigallocatechin gallate (EGCG) and tannic acids
are inhibitors of amyloid formation [54-56]. EGCG, a compound present in green tea, is notable
for being an effective inhibitor of amyloid formation by A, islet amyloid polypeptide (IAPP), a-
synuclein, a fragment of prostatic acid phosphatase (PAP 248-286) and k-casein [54, 55, 57-61].
In addition, EGCG is able to disaggregate preformed fibrils, which may be beneficial in the
biological clearance of aggregates. EGCG is thought to act by diverting proteins into non-toxic off
pathway aggregates [57, 60, 61]. The phenolic compound resveratrol, found in red wine, has also
been shown to be effective against Ap and IAPP amyloid fibril formation [62-65]. It is suggested
to be able to remodel AR soluble oligomers and amyloid fibrils into high molecular weight
aggregates that are unstructured and non-toxic [62]. Resveratrol can also inhibit lipid membrane-

induced IAPP fibrillogenesis and keep intact cell morphology [65].

The development of peptide-based inhibitors of amyloid formation is another active field of
research. The approaches for rational design of inhibitors include amino acid substitutions and side
chain modifications of amyloidogenic regions, proline insertion, modification of the peptide
termini or peptide backbone, use of D-amino acids, and synthetic a-helix mimetics to target
amyloid intermediates [66]. Many side chain substitutions and modifications have focused on the

central hydrophobic region of AB, the LVFFA motif [67, 68]. Replacement of the central Phe

residues of AB1-40 by Thr abolishes fibril formation [67]. Moreover, an octapeptide derived from



this region, QKLVTTAE, can be used as an inhibitor for native APB1.40 [69]. Proline residues are
unfavorable in B-sheets because of their rigid structure and a lack of the amide hydrogen needed
for the hydrogen bonding found in -sheets. Many studies have shown that substitution of Pro
reduces fibril-forming capacity [70-73]. The point mutants 126P and G24P of human IAPP are
both non-amyloidogenic and the combination of two mutant peptides can yield a highly effective
inhibitor of IAPP and AP amyloid formation [74]. Rat IAPP, which differs from the human IAPP
at six of the 37 positions, does not form amyloid fibrils and inhibits, albeit moderately, amyloid
formation by human IAPP. There are three proline residues in the rat IAPP sequence while human
IAPP has none. Substitution of Pro at key residues is likely the major reason for the non-
amyloidogenicity of rat IAPP in comparison to human IAPP [73]. N-methyl amino acids can also
prevent protein aggregation by destabilizing hydrogen-bonding interactions between individual 3-
strands [75-77]. A double N-methylated full length IAPP analog [(N-Me)G24, (N-Me)126]-1APP
was designed for IAPP inhibition studies. This IAPP variant is highly soluble, nonamyloidogenic
in homogeneous solution, noncytotoxic and blocks human IAPP amyloid formation and human
IAPP induced cytotoxicity in cell culture [76]. Recent findings have suggested that the helical
oligomeric intermediates may be the relevant cytotoxic species in IAPP and A3 amyloid formation
and helix-helix association may promote the formation of early B-sheet structures [9, 78, 79]. Thus,
a series of pentameric pyridylamides and benzamides were synthesized as helical mimetics in order

to target the transient helical intermediates in IAPP amyloid formation [80].

The design of inhibitors based on the amyloid fibril structure has also been developed recently.
To date, the most detailed structural information of amyloid fibrils was determined by Eisenberg’s
laboratory. They designed inhibitors based on the crystal structures of protein segments to cap
fibril ends and impede fibril growth. So far, two non-natural amino acid peptide inhibitors have
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been described: the D-TLKIVW peptide inhibitor significantly delayed amyloid formation by the
tau protein fragment and Trp-His-Lys-chAla-Trp-hydroxyTic hexapeptide containing Ala and
Tyr/Pro derivative greatly reduced PAP 248-286 fibril mediated HIV infection [81]. Nowick’s
group designed macrocyclic B-sheet peptides which comprise two anti-parallel B-strands to
prevent IAPP amyloid formation. One strand of the macrocycles contains a heptapeptide sequence
derived from IAPP and the other stand contains an unnatural amino acid to avoid forming external
hydrogen bonds. The heptapeptide in the macrocycles is designed to bind fibril -sheets and the
other strand can prevent fibril growth. Similar macrocycles also have been used to study the

aggregation of other amyloidogenic proteins [82].

1.2 Islet amyloid polypeptide (I1APP)

1.2.1 Biosynthesis of IAPP

IAPP is a member of the calcitonin related peptide family and is similar in sequence and
somewhat similar in biological activity to calcitonin gene-related peptide (CGRP). IAPP is initially
expressed as an 89 residue pre-proprotein containing a 22 residue signal peptide which is cleaved
in the endoplasmic reticulum (ER) [83, 84]. ProlAPP and proinsulin are both further processed by
prohormone convertases PC2 and PC1/3, and by carboxypeptidase E (CPE) in the Golgi and in the
secretory granules. PC2 cleaves prolAPP between Lys10 and Argll, and PC1/3 cleaves between
Lys50 and Arg51 [85, 86]. This numbering refers to the prolAPP sequence. CPE removes two
basic amino acids that remain at the C terminus [87]. PC2 can process prolAPP at the C-terminal
cleavage site in the absence of PC1/3, but less effectively [88]. The resulting peptide, which

contains a C-terminal glycine residue, is converted by peptidylglycine alpha-amidating



monooxygenase (PAM) to produce an amidated C-terminus [89]. Mature IAPP also contains a
disulfide bond between the two cysteine residues (Figure 1-3). Some studies have suggested that
both the intramolecular disulfide bond and C-terminal amidation are necessary for full biological

activity [90].

IAPP is stored and co-secreted with insulin in the secretory granules of the islet B-cells. The
concentration of IAPP in the granule is in the millimolar range and is about 1-2% that of insulin
[91]. The low pH environment and partially crystalline state of insulin are thought to prevent IAPP
amyloid formation, even at such high concentrations, since the rate of IAPP fibril formation is
highly pH dependent and insulin can act an inhibitor of IAPP aggregation [92-95]. The
physiological role of IAPP is not completely clear, but it is believed to be involved in the regulation
of glucose metabolism [96-98]. IAPP was found to be a potent inhibitor of glycogen synthesis in
rat skeletal muscle [99] and was also shown to inhibit insulin-stimulated glucose transport in vitro
[100]. In addition, IAPP also has been shown to dose-dependently reduce food intake and body
weigh in animal models [101]. The peptide is also found in the brain and is believed to play a role

in appetite control [102].

1.2.2 IAPP amyloid formation and type 2 diabetes

Pancreatic islet amyloid is a characteristic pathological feature of type 2 diabetes and IAPP is
the major component of the amyloid deposits [103-105]. More than 80% of patients suffering from
diabetes are found to have amyloid in the islets of Langerhans. However, the deposits have also
been detected in healthy individuals [106-108]. Initially, it was thought that amyloid deposits
discovered in the pancreas were composed of carbohydrates as they were stained by a dye used to

stain starch [109]. Later it became apparent that amyloid deposits contain protein fibrils in which



the constituent proteins stack and adopt a 3-sheet structure. In 1987, two groups independently
identified the sequence of the component of islet amyloid, a 37 residue pancreatic hormone,

encoded by a single copy of gene located on human chromosome 12 [104].

Islet amyloid is not the cause of type 2 diabetes, but IAPP contributes to 3-cell dysfunction, cell
death and the loss of B-cell mass [110-112]. It was first shown that IAPP is cytotoxic when added
to islet cells in 1994 [110]. In order to investigate the role of IAPP and islet amyloidosis in type 2
diabetes, several groups have generated transgenic mice that carry the human IAPP gene in their
chromosomal DNA. These groups have demonstrated that human IAPP transgenic mice can
develop islet amyloid and hyperglycemia [113, 114]. Rapid amyloid formation also likely plays a
role in the failure of pancreatic islet transplants. Amyloid deposits can be detected rapidly in
diabetic mice transplanted with human islets [115]. Clinical trials with islet transplantation were
not successful because, overall, only 10% of islet recipients can maintain normoglycemia without
insulin therapy [116]. There was a progressive loss of the grafted [-cells in most of the subjects
and widespread amyloid deposits were found in their implanted islets (Figure 1-4) [117, 118].
Xenotransplantation of islets using pigs or other animals which do not develop amyloid would be
an attractive alternative for human diabetes, since porcine islets have been shown to have better
glycemic maintenance in mice recipients and to prolong islet graft survival [119]. More recent
findings have suggested that the process of IAPP amyloid formation or IAPP oligomeric
intermediates, rather than mature amyloid fibrils, is toxic to cells [24, 120, 121]. A range of
mechanisms have been proposed for IAPP induced [-cell toxicity. These include cell membrane
permeabilization or disruption, formation of nonspecific ion channels, defects in autophagy, ER

stress, localized islet inflammation, as well as activation of signaling pathways that regulate -cell
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apoptosis [122-128]. Research is underway for a better understanding of the mechanisms of IAPP

toxicity and the literature is continually updated. For recent review see [129, 130].

1.2.3 Structural models of IAPP amyloid fibrils

IAPP amyloid fibrils consist of cross B-strands and have been characterized by circular
dichroism (CD), two dimensional infrared spectroscopy (2D-IR), electron paramagnetic resonance
spectroscopy, NMR and X-ray diffraction [131, 132]. However, an exact structural model of the
IAPP monomer in its fibrillar state is still unclear. Two atomic level models have been proposed
for IAPP amyloid fibrils [37, 133] and they have some common features (Figure 1-5). Both suggest
that protofibrils are made up of two columns of IAPP monomers which adopt a U-shaped structure.
Each polypeptide contains two regions of B-sheets that are linked by a loop. The first seven
residues, containing the disulfide bond, are disordered. One of the models built by Dr. Tycko’s
group is based on solid-state NMR studies [37]. They used STEM to determine the mass-per-
length value of the protofilament, and performed solid state NMR measurements on a series of
isotopically labeled samples to obtain structural constraints on the fibril conformation. In this
model, residues 8-17 and residues 28-37 form -sheets (Figure 1-5). Another model developed by
Prof. Eisenberg’s group is based on X-ray crystallographic studies of small peptide fragments
(Figure 1-6) [133]. They crystallized two fragments derived from IAPP and determined their
atomic structure. The peptides studied were NNFGAIL corresponding to residues 21-27 and
SSTNVG corresponding to residues 28-33. The SSTNVG fragment was chosen as the center core
of their model because the intersheet distance most closely matches experimental fiber diffraction
patterns [129]. In Eisenberg’s model, two B-strands are composed of residues 8-17 and residues

23-37. The main difference between these two models lies in the details of side chain packing.
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As discussed earlier, rat IAPP which does not form amyloid fibrils differs from human IAPP at
only six of the 37 positions. Studies of human and rat IAPP have implied the 20-29 region as a
critical amyloidogenic domain that modulates the properties of the entire sequence [73, 134, 135].
Interestingly, the 20-29 region is not part of the -sheets in either model. This may suggest that
the loop region is important for the kinetics of amyloid formation, even if it is not part of the -
sheet structure. Indeed, the only naturally occurring human IAPP mutation, S20G, is found in this
region and may be associated with early onset type 2 diabetes in a small fraction of East-Asian
population [136-138]. The Ser to Gly substitution of residue 20 dramatically accelerates 1APP

amyloid formation, while a Ser to Lys substitution significantly slows amyloid formation [137].

1.2.4 Residue specific effects on IAPP amyloid formation

IAPP is conserved through evolution and has been characterized in mammals, birds, and fishes
[139-141]. Not all species form islet amyloid: mouse, rat and canine do not form islet amyloid
fibrils, whereas human, monkey and felines do. The ability to form amyloid is likely correlated
with the primary sequence of IAPP. Mouse and rat IAPP contain three Pro residues at positions
25, 28 and 29, while the human and monkey sequences do not include any Pro. The Pro
substitutions present in the mouse/rat IAPP sequence make it difficult to form amyloid fibrils since
Pro is a well-known B-sheet breaker. Porcine and ferret IAPP also form amyloid fibrils, but are

much less amyloidogenic than human IAPP (Figure 1-7) [128, 142].

A number of mutational studies have provided insight into the interactions involved in amyloid
formation. However, it is difficult to compare experimental data as amyloid formation is sensitive
to changes in buffer composition, pH, salt concentration, temperature and the presence of organic

co-solvents. The rate of IAPP amyloid formation, for example, is strongly pH-dependent.
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Aggregation of IAPP is considerably faster at high pH when His-18 and the N-terminus are
deprotonated [93, 143]. Some studies have used 1-2% (v/v) hexafluoroisopropanol (HFIP) as a co-
solvent. HFIP has been reported to significantly accelerate the rate of amyloid formation even at a
low concentration [144]. lonic strength and the choice of anion are also important factors that
affect IAPP amyloid formation [145]. Another complexity is that truncated 8-37 IAPP is used in

some of these studies.

Even though these mutational studies of amyloid formation contain many potential
complications, they still provide a valuable data set. Here we summarize the available data from
the studies using full length IAPP or 8-37 IAPP with an amidated C-terminus (Table 1-2) [71, 74,
133, 137, 143, 146-152]. Many studies have focused on the region between residues 20 and 29.
Non-amyloidogenic rat IAPP contains three Pro residues in this region, so this region was thought
to dictate amyloidogenic properties of IAPP. However, multiple Pro substitutions outside of this
region have been shown to abolish human IAPP amyloid formation [150]. In contrast, single amino
acid substitution of rat IAPP at residue 18 by the residue present in human IAPP can induce rat
IAPP to form amyloid fibrils [153]. Therefore, the role of the 20-29 region in controlling IAPP’s

amyloidogenicity is still ambiguous.

Aromatic-hydrophobic and aromatic-aromatic interactions have been proposed to play a critical
role in amyloid formation [135], but work from our own laboratory shows they are not required.
Replacement of all three aromatic residues with Leu alters the rate of amyloid formation, but does
not abolish the ability of IAPP to form amyloid fibrils [146]. A more detailed discussion of the

role of aromatic residues is presented in Chapter 2.
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Some of the studies focus on the examination of the putative helical regions of IAPP. A model
for early stage of IAPP aggregation has been proposed. IAPP was found to adopt a-helical
structure from residues 8-18 and residues 22-27 when IAPP was fused to maltose binding protein
(MBP) and residue 15 was suggested to make important contacts when IAPP dimerized [151].
Therefore, a number of substitutions near residue 15 have also been examined. Ser, Ala and Asp
substituents which are predicted to enhance helix association increased the rate of amyloid
formation. Conversely, the substitution of Phe with Lys, decreased the rate of amyloid formation,

which can be rationalized by this model, since the positive charge can disrupt the helical interface.

The role of amide side chain interactions in amyloid formation by IAPP was tested using the
same strategy. Five of the asparagine side chains in truncated 8-37 IAPP were individually mutated
and the effects on the rate of amyloid formation were determined. The authors found that different
sites have drastically different impact on amyloid kinetics. Position 14 and 21 are considered more

critical to amyloid formation [152].

1.2.5 Oligomeric intermediates in IAPP amyloid formation

The importance of on-pathway low order oligomers in IAPP amyloid formation is unclear,
although they have been suggested to be the primary toxic species during aggregation [113, 154].
Identifying the size or structure of oligomeric intermediates in IAPP amyloid formation is difficult
due to their fast conversion. Conventional biophysical techniques including CD, FTIR
spectroscopy, and fluorescence-based assays are able to provide information on the protein’s
global conformation, but provide limited detail on specific region of proteins. As a result, these
methods are not helpful for the study of oligomers in amyloid formation. Some studies have used

the conformation-specific antibody A11 to detect oligomers [155, 156]. Immunoreactive A11 was
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first widely used in AP and polyQ oligomerization, but its specificity for IAPP oligomers has not
been fully determined. Artifact associated with use of this antibody are discussed in [15, 157].
Analytical ultracentrifugation and °F NMR studies have also failed to detect low order oligomers
for human IAPP [158, 159]. In contrast, studies using photo-induced cross-linking and ion mobility
spectrometry-mass spectrometry (IMS-MS) have identified oligomeric states, ranges from
monomer to hexamer [160-161]. To date, several models for early oligomers have been proposed

(Figure 1-8) and are summarized below [82, 151, 160, 163].

Helical intermediates may be important for IAPP amyloid formation. A number of experiments
suggest that IAPP amyloid formation may involve a helical intermediate in vitro [78, 80, 151, 164].
Formation of helical intermediates could be advantageous for the formation of intermolecular B-
sheets, because the helix association of N-terminal regions of IAPP would lead to a high local
concentration of the amyloidogenic C-terminal regions [78, 165]. Eisenberg and coworkers
proposed a model in support of this hypothesis based on their crystallographic studies. They solved
the crystal structure of human IAPP fused to MBP and found a helix-helix homo-dimerization

interface between two MBP-1APP fusion proteins [151].

The use of IMS-MS and molecular dynamics (MD) modeling has led to a different model for
early IAPP intermediates. This model suggests that IAPP dimers are assembled from B-hairpin-
like monomers and that the B-strand is generally more stable and favorable than the helix in the
formation of a dimer interface. Therefore, the model proposes that 3-sheet rich oligomers are
formed by direct side-by-side assembly of B-hairpin monomers [160]. However, the B-hairpins
have all the hydrogen bonds within one monomer, but the fibrils have all the hydrogen bonds

between monomers. Thus there will be a huge energetic penalty to rearrange the hairpins.
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Another model for early intermediates proposes an antiparallel stable dimer generated by
stacking of the His-18 and Tyr-37 side chains and is based on NMR studies conducted under acidic
conditions using a recombinant form of IAPP [163]. However, this variant has a free C-terminus
rather than physiologically relevant C-terminus. This leads to an obvious question: Is the His-Tyr
interaction still present in the biologically relevant version of human IAPP with an amidated C-
terminus? The role of His-Tyr interactions and the C-terminus in IAPP amyloid formation are

described in more detail in Chapter 4.

A recent study based on 2D IR proposes a new model [82]. This model suggests that an
oligomeric intermediate with parallel B-sheet forms during the lag phase of IAPP amyloid
formation. Interestingly the B-sheet is found in a region that does not form B-sheet in the models
of the fibrils. The authors observed the structural evolution from initial B-sheet to partially
disordered loop for the region of IAPP residues 23-27 (FGAIL). This model might help to
rationalize some mutational studies in this region. Breakage of the intermolecular FGAIL B-sheet
intermediates could lead to a large energy barrier before fibril growth. Moreover, IAPP samples
for these spectral measurements were prepared at much higher concentration compared to that
used in other studies. It is not known whether IAPP at high concentration still follows the same

pathway of fibrillization.
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1.3 Figures

(A) (B)

Figure 1-1: Structure and model of amyloid fibrils. (A) TEM image of amyloid fibrils formed by
synthetic human IAPP in vitro. Scale bar represents 100 nm. This image was collected by the
author. (B) The image on the right is a model of amyloid fibrils in which three protofilaments pack

together in a helical manner. Figure is taken from reference 29.
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Figure 1-2: A nucleation-dependent polymerization model of amyloid aggregation. The kinetics
of amyloid formation is represented by a sigmoidal curve. A lag phase which involves the
formation of active seeds is followed by a rapid growth phase during which fibrils are formed
(green curve). The rate limiting step in this process is the formation of seeds to promote
aggregation. The lag phase can be bypassed by the addition of preformed seeds (red curve). Figure
is taken from reference 166.
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ProlAPP oxidation (ER)
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Figure 1-3: The processing of ProlAPP to mature IAPP in the Golgi and in the secretory granules
of the islet B-cells. The major cleavage sites in each step are indicated by black arrows. Mature

IAPP contains a disulfide bond and amidated C-terminus and both are important for IAPP’s

biological function.
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Figure 1-4: Pancreatic islet cells with extracellular amyloid deposits. (A) Typical amyloid deposits
seen in a human type 2 diabetic islet stained pink. The section was stained for amyloid with Congo
red. (B) Amyloid deposits are found in transplanted islets in a patient with type 1 diabetes (arrows).
(C) The presence of amyloid is detected with Congo red in the islet of a human IAPP transgenic
mouse. The Congo red stained amyloid is visible as pink deposits. (D) Image was obtained from
the same pancreatic islet section as figure (C), but fluorescence microscopy was applied for better
visualization (bright red). Figure is adapted from references 96, 126, and 127.
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Figure 1-5: An atomic level model proposed for IAPP amyloid fibrils based on solid state NMR.
(A) IAPP protofibrils consist of two columns of IAPP monomers and each polypeptide contains
two B-sheet regions. (B) In register, parallel B-strands run perpendicular to the fibril axis as
indicated by an arrow. N- and C-terminal B-strands segments are colored in red and blue
respectively. Note the mainchain hydrogen bonds are between different IAPP molecules, not
within one molecule. (C) All atom representations of this model are shown, with hydrophobic
residues colored in green, polar residues colored in magenta, positively charged residues colored
in blue, and disulfide-linked cysteine residues colored in yellow. The N-terminus is labeled in each

figure. Figure is adapted from reference 37.
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(C)

12.5 nm

Figure 1-6: Atomic level model proposed for IAPP amyloid fibrils based on the crystal structure
of two IAPP fragments, NNFGAIL and SSTNVG. (A) Residues 8-17, colored in red, and residues
23-37, colored in blue, form intermolecular B-sheets. (B) View down the axis of the fibril model
with a diameter 64 A. The residues are shown in green for SSTNVG. (C) View perpendicular to
the axis of the fibril model with a length of 125 A (4.8 A per layer). Figure is adapted from

reference 133.
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1 10 20 30 37
Human KCNTATCAT QRLANFLVHS SNNFGAILSS TNVGSNTY

Monkey KCNTATCAT QRLANFLVRS SNNFGTILSS TNVGSDTY
Baboon ICNTATCAT QRLANFLVRS SNNFGTILSS TNVGSNTY
Porcine  KCNMATCAT QHLANFLDRS RNNLGTIFSP TKVGSNTY

Cat KCNTATCAT QRLANFLIRS SNNLGAILSP TNVGSNTY
Ferret KCNTATCVT QRLANFLVRS SNNLGAILLP TDVGSNTY
Dog KCNTATCAT QRLANFLVRT SNNLGAILSP TNVGSNTY
Cow KCGTATCET QRLANFLAPS SNKLGAIFSP TKMGSNTY
Rat KCNTATCAT QRLANFLVRS SNNLGPVLPP TNVGSNTY
Mouse KCNTATCAT QRLANFLVRS SNNLGPVLPP TNVGSNTY

Figure 1-7: Primary sequence of IAPP from different species. Residues that differ from human
IAPP are colored in red. The first six species (human to ferret) can develop islet amyloid and type
2 diabetes. Rats and mice do not develop islet amyloid. Cats, but not Dogs have been reported to
form amyloid in vivo. All of the variants contain a disulfide bridge between residues 2 and 7 and

have an amidated C-terminus.
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Seeding

Figure 1-8: Models of IAPP oligomerization. (A) One model was proposed based on the crystal
structure of a maltose binding protein-1APP fusion protein. An ordered helical conformation of the
IAPP monomer and dimerization were observed in the crystal. Phe 15 was suggested to be the key
residue responsible for association [151]. (B) NMR studies suggest that stable dimers with
antiparallel orientation of monomers were stabilized by stacking of His-18 and Tyr-37 [163]. This
studies were carried out with a non-physiological variant with a free C-terminus. (C) A free energy
landscape for IAPP aggregation is illustrated based on 2DIR studies. Reside 23-27, highlighted in
red, were observed to form parallel 3-sheets in the lag phase. The main free energy barrier during
I APP aggregation occurs during the transition of this 3-sheet into the turn region in the IAPP fibrils
[82]. Figure is adapted from references 82, 151, and 163.
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1.4 Tables

Fibril protein Precursor protein Systemic Target organs
and/or
localized
AL Immunoglobulin light chain S,L All organs except CNS
AH Immunoglobulin heavy chain S, L All organs except CNS
AB2M f2-microglobulin, wild type L Musculoskeletal system
f2-microglobulin, variant S ANS
ATTR Transthyretin, wild type S, L Heart mainly in males,
Tenosynovium
Transthyretin, variants S PNS, ANS, heart, eye,
leptomen.
AA (Apo) serum amyloid A S All organs except CNS
AApoAl Apolipoprotein A I, variants S Heart, liver, kidney, PNS,
testis, larynx (C terminal
variants), skin (C terminal
variants)
AApoAll Apolipoprotein A II, variants S Kidney
AApoAIV Apolipoprotein A IV, wild type S Kidney medulla and systemic
ALys Lysozyme, variants S Kidney
AFib Fibrinogen a, variants S Kidney, primarily
ACys Cystatin C, variants S PNS, skin
AP AP protein precursor L CNS
APrP Prion protein, wild type L CJD, fatal insomnia
Prion protein, variants L CJD, GSS syndrome, fatal
insomnia
ACal (Pro)calcitonin L C-cell thyroid tumors
AIAPP Islet amyloid polypeptide L Islets of langerhans,
insulinomas
AANF Atrial natriuretic factor L Cardiac atria
APro Prolactin L Pituitary prolactinomas,
aging pituitary
Alns Insulin L Iatrogenic, local injection

Table 1.1: List of part of known extracellular fibril proteins in human. Table is taken from

reference 5.
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Table 1-2: Mutational studies of amyloid formation by full length IAPP (A) and the 8-37 fragment
of IAPP (B). Residues which differ from human IAPP are indicated in red. Red X denotes an
unnatural amino acid. NLe= norleucine. TLe= tert-leuceine. “—" no reported effect; “A” The
mutation is reported to lead to faster amyloid formation; “w”” The mutation is reported to lead to
slower amyloid formation; “X” The mutant is reported to abolish amyloid formation. Data is

collected from the indicated reference.
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Chapter 2. Role of aromatic interactions in amyloid formation by islet amyloid polypeptide

Abstract

Aromatic-aromatic and aromatic-hydrophobic interactions have been proposed to play a role in
amyloid formation by a range of polypeptides including islet amyloid polypeptide. IAPP contains
three aromatic residues Phe-15, Phe-23, and Tyr-37. The ability of all single aromatic to leucine
mutants, all double aromatic to leucine mutants and the triple leucine mutant to form amyloid were
examined. Amyloid formation was almost twice as rapid for the F15L mutant relative to wild-type,
but was almost three fold slower for the Y37L mutant and almost two fold slower for F23L mutant.
Amyloid fibrils formed from each of the single mutants were effective at seeding amyloid
formation by wild-type IAPP, implying that the fibril structures are similar. The F15L/F23L double
mutant has a larger effect than the F15L/Y37L double mutant on the rate of amyloid formation,
even though a Y37L substitution has more drastic consequences in the wild-type background than
does the F23L mutation, suggesting non-additive effects between the different sites. The triple
leucine mutant and the F23L/Y37L double mutant are the slowest to form amyloid. Phe-15 has
been proposed to make important contacts early in the aggregation pathway, but the F15L mutant
data indicates that they are not optimal. A set of variants containing natural and unnatural amino
acids at position 15, which were designed to conserve hydrophobicity, but which alter a-helix and
[- sheet propensity, were analyzed to determine the properties of this position that control the rate

of amyloid formation. There is no correlation between -sheet propensity at this position and the

rate of amyloid formation, but there is a correlation with a-helical propensity.
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NOTE: The material presented in this chapter has been published (Ling-Hsien Tu and Daniel P.
Raleigh “Role of aromatic interactions in amyloid formation by islet amyloid polypeptide”
Biochemistry 2013, 52 (2), 333-342). This chapter contains direct excerpts from the manuscript,

which was written by me with suggestions and revisions from Professor Daniel P. Raleigh.

2.1 Introduction

The details of amyloid formation are still not well understood, especially for those proteins that
are intrinsically disordered in their monomeric states. Aromatic—aromatic interactions have been
proposed to play an important role in amyloid formation, particularly for IAPP [1-3]. IAPP
contains three aromatic residues, Phe-15, Phe-23, and Tyr-37 (Figure 2.1), and a triple aromatic to
leucine mutant forms amyloid at a significantly reduced rate compared to that of the wild type [2];
however, the effects of single site substitutions or double mutations have not been examined. Phe
to Tyr FRET studies suggest that aromatic residues may make contacts during the early stages of
amyloid formation [4]. However, experiments with variants that contain the fluorescent Tyr
analogue 4-cyanophenylalanine argue that the aromatic side chains remain solvated during the lag
phase and suggest that aromatic—aromatic interactions involving Tyr-37 do not develop during the
lag phase [5]. Thus, the role of the aromatic residues in amyloid formation by IAPP is not clear.
In fact, the details of the early stages of [APP amyloid formation are not well understood. This is
a topic of current interest because intermediates along the pathway of amyloid formation may be
the most toxic entities and could be targets for inhibitor design [6, 7]. The role of Phe-15 is
particularly interesting because this position is believed to make contacts important for the initial

oligomerization [8]. Here we examine a comprehensive set of aromatic to leucine mutants as well
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as a set of F15 variants containing natural and unnatural amino acids that preserve hydrophobicity
but alter secondary structure propensity to deduce the role aromatic residues play in amyloid

formation by IAPP.

2.2 Materials and methods

2.2.1 Peptide synthesis and purification.

Peptides were synthesized on a 0.25 mmol scale using a CEM microwave peptide synthesizer
and 9-fluorylmethoxycarbonyl (Fmoc) chemistry. Fmoc-protected pseudoproline dipeptide
derivatives were incorporated at positions 9 and 10, 19 and 20, and 27 and 28 to facilitate the
synthesis [9]. Solvents were ACS-grade. All other reagents were purchased from Advanced
Chemtech, PE-Biosystems, Sigma, and Fisher Scientific. 5-(4’-Fmoc-aminomethyl-3',5-
dimethoxyphenol) valeric acid (PAL-PEG) resin was used to form an amidated C-terminus.
Standard Fmoc reaction cycles were used. The first residue attached to the resin, B-branched
residues, Arg, and all pseudoproline dipeptide derivatives were doubly coupled. The peptide was
cleaved from the resin through the use of standard trifluoroacetic acid (TFA) methods. Crude
peptides were partially dissolved in 20% acetic acid (v/v), frozen in liquid nitrogen, and
lyophilized to increase their solubility. The dry peptide was dissolved in dimethyl sulfoxide
(DMSO) at room temperature to promote the formation of the disulfide bond [10, 11]. The peptides
were purified by reverse-phase high-performance liquid chromatography (HPLC) using a Vydac
C18 preparative column (10 mm % 250 mm). A two-buffer gradient was used: buffer A consisting
of 100% H>O and 0.045% HCI (v/v) and buffer B consisting of 80% acetonitrile, 20% H>O, and

0.045% HCI. HCI was used as the counterion instead of TFA to reduce the residual amount of TFA
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because TFA can influence amyloid formation. Analytical HPLC was used to check the purity of
peptides before use. Peptides were analyzed by mass spectrometry using a Bruker MALDI-TOF
MS instrument to confirm the molecular weight: wild-type IAPP, expected 3903.3, observed
3902.1; F15-IAPP, expected 3871.3, observed 3872.0; F23-IAPP, expected 3871.3, observed
3871.3; Y37-IAPP, expected 3855.4, observed 3853.8; F15L/F23L-IAPP, expected 3835.3,
observed 3834.0; F15L/Y37L-IAPP, expected 3821.3, observed 3819.8; F23L/Y37L-IAPP,
expected 3821.3, observed 3820.0; 3XL-IAPP, expected 3787.2, observed 3785.1; F15I-IAPP,
expected 3871.3, observed 3871.5; FISNLe-IAPP, expected 3871.3, observed 3872.1; F15TLe-

IAPP, expected 3871.3, observed 3872.0.

2.2.2 Sample preparation.

A 1.6 mM peptide solution was prepared in 100% hexafluoro-2-propanol (HFIP) and stored at
—20 °C. Stock solution was filtered using a 0.45 pm GHP Acrodisc 13 syringe to remove preformed
aggregates. For the seeding assays, preformed wild-type IAPP and single mutant fibrils were
produced from kinetic experiments. The solution was incubated, and thioflavin-T fluorescence was
monitored to ensure fibril formation had occurred. Seeds were used within 12 h to ensure

reproducibility.

2.2.3 Thioflavin-T fluorescence assays.

Fluorescence experiments were performed on an Applied Phototechnology fluorescence
spectrophotometer using an excitation wavelength of 450 nm and an emission wavelength of 485
nm. The excitation and emission slits were set at 6 nm, and a 1.0 cm cuvette was used. Solutions
were prepared by diluting the filtered stock into Tris buffer and thioflavin-T solution immediately

before the measurement. The final concentrations were 16 uM peptide and 32 pM thioflavin-T in
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2% HFIP and 20 mM Tris buffer (pH 7.4) for all experiments. All solutions were stirred during
the fluorescence experiments to maintain homogeneity. Stirring is known to accelerate IAPP
amyloid formation. For the seeding assays, 1.6 mM peptide stock solutions in HFIP were diluted
into the seeded buffer solution to give final concentrations of 16 uM peptide, 32 uM thioflavin-T,
1.6 uM seed (in monomer units), and 2% HFIP in pH 7.4, 20 mM Tris buffer For kinetic
experiments without HFIP, solutions were prepared by adding pH 7.4, 20 mM Tris buffer
containing thioflavin-T to lyophilized dry peptides for a final peptide concentration of 16 uM.

These studies were conducted using a Beckman Coulter DTX880 plate reader without stirring.

2.2.4 Circular dichroism (CD) experiments.

CD experiments were performed using an Applied Photophysics Chirascan CD spectrometer.
The solutions for the CD experiments were prepared by diluting the filtered stock peptide solutions
into 20 mM Tris buffer (pH 7.4). The final peptide concentration was 16 pM in 2% HFIP. Spectra
were recorded from 190 to 260 nm at 1 nm intervals in a quartz cuvette with a 0.1 cm path length
at 25 °C. CD experiments used the same stock solutions as the thioflavin-T fluorescence

measurements. A background spectrum was subtracted from the collected data.

2.2.5 Transmission electron microscopy (TEM).

TEM was performed at the Life Science Microscopy Center at Stony Brook University. Samples
were aliquots from the same solutions that were used for the fluorescence measurements. 5 uL of
the peptide solution was placed on a carboncoated Formvar 300 mesh copper grid for 1 min and

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

2.3.1 Analysis of amyloid formation by aromatic to Leu variants.

The sequence of IAPP and the solid-state NMR-derived model of IAPP amyloid protofibrils [12]
are shown in Figure 2-1. The molecule contains three aromatic residues. Phe-15 and Tyr-37 are
conserved among all known IAPP sequences; Phe-23 is not, but it is substituted with only leucine
(Figure 1-6). A set of seven aromatic to leucine variants were prepared: all three single mutants,
the complete set of double mutants, and the triple mutant. Leu was used because it is the closest
natural nonaromatic substitution for Tyr and Phe in terms of size and hydrophobicity. An
additional set of variants was prepared to examine the role of Phe-15 in detail. The rate of amyloid
formation was measured using fluorescence-detected thioflavin-T binding assays. Thioflavin-T is
a small dye whose quantum yield is enhanced when it binds to amyloid fibrils [13]. The molecule
is believed to bind to grooves on the surface of the amyloid fibrils. Thioflavin-T assays reliably
report on IAPP amyloid formation kinetics, and the compound does not alter the aggregation
kinetics under the conditions used here [5]. Amyloid formation by IAPP follows a sigmoidal time
course in which no detectable amyloid fibrils are formed during the lag phase. The lag phase is
followed by a growth phase during which fibrils develop and elongate, eventually leading to a
steady state where fibrils are in equilibrium with soluble protein. Thioflavin-T curves for the wild
type and single mutants are displayed in Figure 2-2A, and the data for the double and triple mutants
are shown in Figure 2-2B. Amyloid formation by wild-type IAPP is rapid under the conditions of
these experiments (2% HFIP, 20 mM Tris buffer, pH 7.4, and constant stirring). IAPP amyloid
formation has been widely studied by dilution from HFIP, and we chose this protocol to facilitate
comparison to earlier studies. Additional studies, described below, were performed without HFIP.

The kinetic analysis reveals a number of interesting features. All of the mutants, with the exception
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of F15L-IAPP, show a decreased rate of amyloid formation and an increased lag time. In contrast,
replacement of Phe-15 accelerates amyloid formation, decreasing the lag time by a factor of almost
2. Phe-15 has been proposed to be involved in the early steps of amyloid formation, but the data
show that the Phe-15 is not the optimal residue at this site in terms of amyloid formation. The role
of Phe-15 is considered in more detail below. The other single mutants form amyloid more slowly
with the most pronounced effect observed for the Tyr-37 to Leu mutant, which has a lag time that
is a factor of 3 longer than that of wild-type IAPP. The lag time for F23L-IAPP is almost 2-fold
longer than that of the wild-type. The F15L/Y37L double mutant forms amyloid more rapidly than
the Y37L single mutant, but more slowly than the wild type, indicating that the acceleration caused
by the Phe-15 substitution partially compensates for the slowing caused by the Tyr-37 to Leu
replacement. The other mutants are much slower in forming amyloid than wild-type IAPP.
F15L/F23L-IAPP is 4-fold slower, while F23L/Y37L-IAPP and 3XL-IAPP are ~7.5-fold slower.
The lag times and tso values for all of the mutants are listed in Table 2.1. Tso is the time required
to reach half the final intensity in a thioflavin-T assay and is commonly used as a quantitative
measure of amyloid formation. The differences observed for tso values and the lag times between
different peptides are much larger than the experimental uncertainty. For example, analysis of a
set of 25 independent measurements conducted on wild-type IAPP over the course of two years
with more than five separate batches of peptide yielded a standard deviation in tso of <20% (Figure
2-3). The calculated standard deviations for independent measurements conducted on an individual
batch of peptide are even smaller, <10% in all cases and often significantly smaller. TEM images
of aliquots removed at the end of each kinetic run confirm the presence of extensive amyloid fibrils
(Figure 2-4). CD confirms the presence of B-sheet structure in all samples (Figure 2-5). The

differences in the rates of amyloid formation are unlikely to be due to small variations in
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concentration from sample to sample, because the lag time for amyloid formation by IAPP has
been shown to be largely independent of peptide concentration for the conditions (2% HFIP with
constant stirring) and concentrations used here [14]. Small changes in pH can affect the rate of
amyloid formation by IAPP because the lag time depends on the protonation state of His-18 and
the N terminus [15]; however, all samples were at the same pH to within 0.1 pH unit. Control
experiments with wild-type IAPP show that the lag time varies by only 10% between pH 7.2 and
7.6 in the buffer used here. This variation in pH is much wider than that observed in our
experiments, and the effect on the lag time in the control studies is much weaker than the
differences in the lag times observed for the different mutants. Variations in the final HFIP
concentration can also alter the rate of amyloid formation, but the HFIP concentration was fixed
at 2% (v/v). We also plotted the kinetic data as normalized fluorescence intensity versus
normalized time, t/tso of wild-type, to facilitate a comparison of the shape of the kinetic progress
curves of the mutants with that of the wild type (Figure 2-6). The normalized curves for wild-type
IAPP, F15L-IAPP, F23LIAPP, and FI5L/F23L-IAPP are very similar in shape. This is consistent
with the mutants and wild-type IAPP having a similar mode of assembly but does not prove that
they do. The normalized curve for F15L/Y37L-IAPP shows some differences relative to that of
the wild type in the early stage of fibril formation, while the normalized plot for Y37L-IAPP has
a slight difference in the growth phase. The F23L/Y37L-IAPP and 3XL-IAPP mutants have the
slowest rates of amyloid formation and display the largest differences in normalized progress

curves.

2.3.2 The single mutants form amyloid fibrils that are similar to wild-type fibrils.

TEM and CD studies outlined above suggest that the morphologies of the fibrils formed by wild-

type IAPP and the mutants are similar. We investigated the structural similarity between wild-type
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and mutant fibrils in more detail by conducting seeding experiments. Preformed amyloid fibrils
can serve as a template for the addition of monomers, resulting in a bypassing of the lag phase.
Seeding is usually much more effective when fibrils are used as seeds for their own monomers [16,
17]. We first examined seeding of wild-type IAPP by wild-type fibrils (Figure 2-7, gray curve). A
bypass of the lag phase was observed as expected. We then tested the ability of preformed F15L-
IAPP, F23L-IAPP, and Y37L-IAPP amyloid fibrils to seed wild-type IAPP (Figure 2-7, red, blue,
and green curves). The curves perfectly overlap with the curve from the wild-type seeding study,
showing that the mutant fibrils seed wild-type IAPP efficiently. This argues that the single-mutant

fibrils share significant structural similarity with wild-type fibrils.

2.3.3 Nonadditive effects on amyloid formation are observed between different sites.

The effect of some of the double mutations is not equal to the additive effect of the two
individual mutations (Figure 2-8). For a simple protein folding reaction, nonadditive effects can
be detected by comparing the effect of mutations on folding rate constants. Independent effects
will lead to additive effects on the log of the folding rate or multiplicative effects on the rate
constants. Amyloid formation is more complex, involving multiple steps and possible parallel
pathways with heterogeneous intermediates; thus, it is not possible to readily relate a simple
thioflavin-T progress curve to microscopic rate constants. Nonetheless, a semiquantitative
comparison can be obtained using values of tso or the length of the lag phase. We first analyzed
the effect caused by a single mutation relative to the wild type by calculating the ratio of the tso of
the single mutant to the tso of the wild type. The expected additive effects (stars in Figure 2-8) are
estimated by multiplying the parameters calculated for two single mutations. Assuming
independent additive effects, the F15L/F23L double mutant is expected to form amyloid on the

same time scale as or even slightly faster than the wild type. However, the value of tso for the
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FI5L/F23L double mutant is 4-fold larger than the wild-type tso. The F15L/Y37L double mutant
forms amyloid close to the rate expected if the effect of the Phe-15 mutation and the effect of the
Tyr-37 mutation are additive. The F23L/Y37L double mutant has the most significant effect on
the rate of amyloid formation (7.2-fold larger than that of the wild type), but the effect is even
greater than expected from simple additivity (4.8-fold). To summarize, both the F15L/F23L and
F23L/Y37L double mutants form amyloid more slowly than predicted from simple additive effects,

with the largest deviation observed for the F15L/F23L double mutant.

2.3.4 Sensitivity of position 15 to amyloid formation.

F15L-IAPP is a rare example of a mutation that accelerates amyloid formation. This region of
IAPP has been proposed to be involved in the early stages of oligomerization [8], and it is of
interest to determine the properties of this site that impact the rate of amyloid formation. Secondary
structure propensity is likely a key feature. Work from several groups suggests that helical
intermediates are important in the pathway of IAPP fibrillation [8, 18—23]. For example,
crystallographic studies of IAPP fused to MBP showed that the segments corresponding to residues
8—18 and 22—27 are helical in the construct [8]. NMR studies have shown that human and rat [APP
have a tendency to preferentially sample helical ¢ and y angles between residues 8 and 22 in the
monomeric state [18]. These observations have led to models that postulate that initial
oligomerization is driven by the thermodynamic linkage between helix formation and self-
association [18, 20—23]. Phe-15 i1s within the putative helical region and has been proposed to
make important contacts during the early stages of amyloid formation [8, 24]. We prepared a series
of variants with isomeric four-carbon side chains at position 15 to probe the factors that control
amyloid formation. We compared the effects of Leu, norleucine (four-carbon unbranched side

chain), Ile, and tert-leucine (tertbutyl side chain) on amyloid formation (Figure 2-9A). These
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amino acids have side chains with similar hydrophobicities [25], but different a-helix and B-sheet
propensities (Table 2-2). The substitutions have significantly different effects upon the kinetics of
amyloid formation (Figure 2-9B and 2-9C). The Phe-15 to fert-leucine variant, F15TLe-IAPP,
which has three methyl groups on the f-carbon, takes much longer to form amyloid than the wild
type (Figure 2-9B, purple), even though TLe has the highest -sheet propensity [26—28]. The F15I-
IAPP mutant (Figure 2-9C, green curve), with its B-branched side chain, also forms amyloid more
slowly than wild-type IAPP, F15L-IAPP, or the F15 to norleucine mutant (F15NLe-IAPP), even
though Ile has a higher B-sheet propensity. TEM images confirm that all of the Phe-15 variants
form amyloid fibrils and have a morphology similar to that of wild-type fibrils (Figure 2-10).
Seeding experiments were used to further probe the structure of the amyloid fibrils formed by the
variants. Each variant was as efficient at seeding amyloid formation by wild-type IAPP as were
wild-type seeds (Figure 2-11), arguing that the structures of the mutant fibrils are similar to wild-
type fibrils. The data show that the rate of amyloid formation does not correlate with B-sheet
propensity at this position even though residue 15 is located in a B-strand in all known models of
IAPP amyloid fibrils [12, 28]. There is a stronger correlation with a-helical propensity. TLe has
by far the lowest a-helical propensity [26, 30], and this variant is by far the slowest to form amyloid.
Ile has the second lowest helical propensity, and the Ile variant is the second slowest to form
amyloid. Phe, the wild-type residue, Leu, and NLe have relatively high a-helical propensities, and
these variants form amyloid more rapidly. Earlier work, using truncated variants of IAPP, has
shown that replacement of Phe-15 with Ser or Ala increases the rate of amyloid formation [8].

Both of these residues have higher helical propensity than Phe.

2.3.5 The effect of Phe-15 substitutions upon amyloid formation is independent of the presence of

HFIP.
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HFIP and other fluoridated alcohols accelerate amyloid formation by IAPP, and even low levels
of fluoridated alcohol co-solvent can promote helix formation [14, 15]. We examined the set of
Phe-15 variants in the absence of HFIP to ensure that the results were not biased by the presence
of the co-solvent. The lag times for wild-type IAPP and the Phe-15 variants range from hours to
days without HFIP and without stirring. The order of fibril formation by wild-type IAPP and the
Phe-15 variants is the same in the presence or absence of HFIP (Figure 2-12 and Table 2-3). TLe,
with the lowest a-helical propensity and highest -sheet propensity, takes the longest time to form
amyloid fibrils, while the Ile variant has a longer lag phase and longer growth phase than the wild
type. Variants with unbranched side chains at position 15 form amyloid faster. We also compared
the three single aromatic to leucine mutants in the absence of HFIP and found the same rank order
as observed in 2% HFIP; F15L-IAPP formed amyloid more rapidly than the wild type, while both
F23L-IAPP and Y37L-IAPP did so more slowly than the wild type, with Y37L-IAPP being the
slowest (Table 2-3). These experiments confirm that the results are not an artifact of solvent

composition.

2.4 Conclusions

The data presented here reveal that the three aromatic residues make different contributions to
IAPP amyloid assembly kinetics, with the Tyr-37 substitution having the largest effect. Apparent
nonadditive effects were observed between Phe-15 and Phe-23 and between Phe-23 and Tyr-37.
The effects should be interpreted with caution because, as noted, amyloid formation is a complex
process involving multiple steps and the analysis of nonadditive interactions is less straightforward

than analysis of the simple folding of globular proteins. Nontheless, the results are significant, with
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the strongest effect observed between Phe-15 and Phe-23. Phe-23 is located in a region proposed
to be important for the early stages of the development of B-sheet structure [31], while Phe-15 has
been suggested to be involved in early stages of oligomerization. The observation of nonadditivity
might reflect synergy between these processes. p-Cyanophenylalanine Tyr FRET measurements
argue that Phe-23 and Tyr-37 do not make persistent contacts in the lag phase beyond any formed
in the dead time of kinetic measurements [5]. Thus, any nonadditive interactions between Phe-23
and Tyr-37 are unlikely to result from long-lived direct contacts formed in the lag phase. It is worth
noting that the relative deviation from simple additive behavior is smaller for this pair than for the
duo of Phe-15 and Phe-23. The two residues are distant from each other in an individual chain;
however, the supermolecular structure of the protofibrils brings Phe-23 in one chain close to Tyr-
37 in the adjacent stack of monomers (Figure 2-1), and this might account for nonadditivity. The
Phe-23Cp to Tyr-37Cg distances are 12.2 + 3.5 A in the NMR-based model of IAPP amyloid. Phe-
15 is within the region proposed to be important for early contact formation during IAPP
oligomerization, and several groups have proposed that the initial events involve helix formation
with the region of residues 8—20 or 8—22 [8, 20, 21, 23]. In this model, initial association is driven
by the thermodynamic linkage between helix formation and oligomerization. Our analysis of the
effect of substitutions at position 15 is broadly consistent with this model because the substitutions
with high B-sheet propensity, but low a-helical propensity, have longer lag phases than the wild
type. Substitutions with high a-helical propensity and lower B-sheet propensity form amyloid more
rapidly with shorter lag phases. It is interesting to compare these results with a recent study of
aromatic residues in the Alzheimer’s AP peptide [32]. AP contains a pair of adjacent Phe residues
at positions 19 and 20. The peptide still forms amyloid if both are replaced with Leu or Ile,

indicating that aromatic side chains are not required at these sites. These substitutions have the
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opposite effect in AP compared to IAPP; faster amyloid formation was observed for the
substitution that increased B-sheet propensity (Ile) compared to the one that lowered B-sheet
propensity (Leu). In a separate study, the consequences of a series of substitutions at position-19
were examined in a AB-GFP construct [33]. Amyloid formation was found to be dependent on the
B-sheet propensity, with a higher B-sheet propensity correlating with enhanced aggregation,
although no kinetic data were obtained. AP, like IAPP, has been proposed to populate a helical
intermediate during amyloid formation in vitro [34]. Within this context, one can still rationalize
the effects of Phe-19 mutations and Phe-19 and Phe-20 double mutations; perhaps the helical
structure does not include this segment of AP, or perhaps helical structure in this portion of the

chain introduces new interactions that slow aggregation.
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2.5 Figures

(A) 0
+ | — I
H3N—KCNTATCAT QRLANFLVHS SNNFGAILSS TNVGSNTY—C—NH,
(B)

Figure 2-1: IAPP sequence and locations of aromatic residues in model of IAPP protofibrils. (A)
Primary sequence of human IAPP. IAPP contains a disulfide bridge between residues 2 and 7. The
C-terminus is amidated, and the N-terminus is free. The aromatic residues are colored in blue (Phe-
15 and Phe-23) and red (Tyr-37). (B) Diagram of the solid-state NMR-derived model of IAPP
protofibrils [26]. The aromatic residues and the N-terminus are labeled. Phe-23 (blue) and Tyr-37

(red) are colored differently as an aid to the eye.
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Figure 2-2: Substitution of the aromatic residues in IAPP alters the kinetics of amyloid formation.
Thioflavin-T fluorescence-monitored kinetic experiments. (A) Single mutants compared to the
wild type: black for wild-type IAPP, red for F15L-IAPP, blue for F23L-IAPP, and green for Y37L-
IAPP. (B) Multiple mutants compared to the wild type: black, wild-type IAPP; purple,
F15L/Y37L-IAPP; pink, F15L/F23L-IAPP; brown, F23L/Y37L-IAPP; and light blue, 3XL-IAPP.
All experiments were conducted in pH 7.4, 20 mM Tris buffer and 2% HFIP with constant stirring
at 25 °C.

61



N

>

& <
N Caal .
42‘ 100 - 1151222‘:5&
‘0

o

Eg 80 1

[

2

& 60 A

O

(%)

o

o 40 A

=

fr=

©

(] 20 A

N

©

E o-

(@]

ey

0 1000 2000 3000 4000 5000

Time (s)

Figure 2-3: Comparison of 25 separate thioflavin-T fluorescence monitored kinetic experiments
conducted on wild-type human IAPP. At least five different batches of peptide were examined
over a two year time period. All the experiments were conducted under the same conditions, 25
°C, pH 7.4 20 mM Tris buffer, and 2% (v/v) HFIP with constant stirring.
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Figure 2-4: All aromatic mutants form amyloid. TEM images recorded at the end of the kinetic
runs depicted in Figure 2-2: (A) wild-type IAPP, (B) F15L-1APP, (C) F23L-1APP, (D) Y37L-
IAPP, (E) F15L/F23L-I1APP, (F) F15L/Y37L-1APP, (G) F23L/Y37L-IAPP, and (H) 3XL-1APP.

Scale bars represent 100 nm.
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Figure 2-5: CD spectra collected at the end of the kinetic experiments shown in Figure 2-2. Black,
wild-type IAPP; red, F15L-1APP; blue, F23L-1APP; green, Y37L-1APP; pink, F15L/F23L-1APP;
purple, F15L/Y37L-1APP; brown, F23L/Y37L-1APP; light blue, 3XL-1APP.
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Figure 2-6: Comparison of normalized kinetic curves for reactions in 2% HFIP, pH 7.4 20 mM
Tris buffer with constant stirring. The vertical scale is normalized such that the full scale is from
0 to 1.0 for each sample and the horizontal scale is t/tso. (A) wild-type IAPP (black) and F15L-
IAPP (red), (B) wild-type IAPP (black) and F23L-1APP (blue), (C) wild-type IAPP (black) and
Y37L-1APP (green), (D) wild-type IAPP (black) and F15L/F23L-1APP (pink), (E) wild-type IAPP
(black) and F15L/Y37L-1APP (purple), (F) wild-type IAPP (black) and F23L/Y37L-1APP (brown),
(G) wild-type IAPP (black) and 3XL-1APP (light blue).
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Figure 2-7: Aromatic mutants effectively seed amyloid formation by wild-type IAPP. Thioflavin-
T fluorescence-monitored seeding experiments are shown: black for unseeded wild-type IAPP
amyloid formation, gray for wild-type IAPP seeded by wild-type IAPP amyloid fibrils, red for
wild-type IAPP seeded by F15L-1APP amyloid fibrils, blue for wild-type IAPP seeded by F23L-
IAPP amyloid fibrils, and green for wild-type IAPP seeded by Y37L-1APP amyloid fibrils.
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Figure 2-8: Nonadditive effects of double mutants. The bar graphs show the different effects
caused by single mutants and the corresponding double mutants on amyloid formation. Stars
denote the expected additive result. The uncertainties represent the standard deviations for

experimental data and the propagated uncertainty for calculated values.
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Figure 2-9: The rate of amyloid formation is affected by substitution at position 15, but there is
no correlation with B-sheet propensity. (A) A series of variants with isomeric four-carbon side
chains were analyzed. These “mutations” change a-helix propensity and p-sheet propensity but
maintain hydrophobicity. (B) Thioflavin-T fluorescence-monitored kinetic experiments: black for
wild-type IAPP, red for F15L-1APP, blue for F15NLe-1APP, green for F15I-1APP, and purple for
F15TLe-1APP. (C) Enlarged plot covering the range of t/tso (wild-type) from 0 to 5.
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Figure 2-10. All position 15 variants form amyloid. TEM images recorded at the end of the kinetic
runs depicted in Figure 2-9: (A) F15NLe-1APP, (B) F15I-1APP, and (C) F15TLe-1APP. Scale bar

represents 100 nm.
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Figure 2-11: Position 15 variants effectively seed amyloid formation by wild-type IAPP. The
results of thioflavin-T fluorescence-monitored seeding experiments are shown: black for unseeded
wild-type IAPP amyloid formation, gray for wild-type IAPP seeded by wild-type IAPP amyloid
fibrils, red for wild-type IAPP seeded by F15L-1APP amyloid fibrils, blue for wild-type IAPP
seeded by F15NLe-1APP amyloid fibrils, green for wild-type IAPP seeded by F151-1APP amyloid
fibrils, and purple for wild-type IAPP seeded by F15TLe-IAPP amyloid fibrils.
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Figure 2-12: Rank order of amyloid formation by the F15 variants is independent of HFIP. (A)
Thioflavin-T fluorescence-monitored kinetic experiments in the absence of HFIP without stirring.
The final peptide concentration is 16 uM in 20 mM Tris buffer (pH 7.4): black for wild-type IAPP,
red for F15L-1APP, blue for F1I5NLe-1APP, green for F151-1APP, and purple for F15TLe-1APP.
(B) Enlarged plot covering the range of t/tso (wild-type) from O to 6.
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2.6 Tables

peptide Lag time" (s) tso” (5) wﬂ;ii;:llz/g fime ts0 of xtvsiol/d-type
Wild-type 13104280° 14704280

F15L-IAPP 490450 64040 0.40.1¢ 0.40.1
F23L-IAPP 223048220 24704220 1.740.4 1.740.3
Y37L-IAPP 279090 4160£100 2.140.5 2.840.5
FISL/F23L-IAPP 5100460 5850430 3.9+0.8 4.020.8
FISL/Y37TL-IAPP 17904140 26504100 1.440.3 1.840.4
F23L/Y37L-IAPP  9670+150 106004500 7.441.6 72414
3XL 92104260 109504250 7.0+1.5 7.4+1.4

2 The lag time is defined here as the time required to reach 10% of the final fluorescence change in the thioflavin-T
assays. b tsp is the time required to reach 50% of the final fluorescence change in the thioflavin-T assays. ¢. The quoted
uncertainty is the standard deviation. d The uncertainty was determined by standard propagation of error.

Table 2-1: Comparison of kinetic parameters for wild-type IAPP and aromatic to leucine mutants.

Experiments performed at 25 °C and pH 7.4 in 20 mM Tris buffer and 2% (v/v) HFIP with constant

stirring.
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1 Volume (A% P, Pg¢

Phe 1.79 105.9 <Leu, NLe 1.43
Leu 1.70 92.7 0.75 1.1
Ile 1.80 92.4 0.56 1.71
NLe 1.70 93.0 0.85 < Phe
TLe 1.51 94.0 0.15 >Phe

& Hydrophobicity of amino acids [25]. ® Molecular volumes of amino acids side chain based on Chem 3D ultra 9.0
calculations. . a-helix propensity of amino acids [26, 30] d B-sheet propensity of amino acids [26-28].

Table 2-2: Values for amino acid hydrophobicity, side chain volume, a-helix propensity, and -

sheet propensity.

73



(A)peptide ~ wild-type ~ FI5L F23L Y37L  FISNLe  FISI  FISTLe
lagtime () 16+1.3*  9.8+0.1  38+0.6 42423  20£1.7  41+23 26744
tso (h) 23409 11x0.1 42417 63428 31413 61458 27616

(B) mutant HFIP F15L F23L  Y37L  FISNLe  FISI  FISTLe

L";ﬁ(f;;/e lgtime PRSI 0AX008" 17404 21305 19:04  23%05 2245

EZ/ of wild-type present  0.4+0.08  1.7+0.3  2.8+0.5 1.8+0.4 29+0.6  28%6

L?ﬁ(?_‘tl;;/e lgtime  PSeMt 06008 24302 26603 13200 26403  17:14

Lo absent  0.5£0.02  1.8+0.1 27402 13%0.1 27403  12+0.5

tso of wild-type

4 The quoted uncertainty is the standard deviation. 5 The uncertainty was calculated by standard propagation of error.

Table 2-3: (A) Kinetic parameters for wild-type 1APP, single aromatic to Leu mutants, and Phe-

15 variants for amyloid Formation in the absence of HFIP and (B) comparison of kinetic

parameters normalized with respect to the wild-type for single aromatic to Leu mutants and Phe-

15 variants in the presence and absence of HFIP. Experiments were conducted at 25 °C and pH

7.4 in 20 mM Tris buffer in the presence and absence of HFIP.
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Chapter 3. Biophysical characterization of matrix metallopeptidase 9 (MMP9)

IAPP cleavage products

Abstract

Prevention of IAPP accumulation via peptidases degradation is of interest and several enzymes
in islets have been found to play a role in this process. Matrix Metallopeptidase 9 (MMP9) is one
of the enzymes reported to be capable of degrading IAPP and subsequently limit amyloid
formation. Here we used matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectroscopy to identify MMP9 cleavage products and two cleavage sites were determined.
The four resulting fragments of 1APP (1-15, 16-37, 1-25 and 26-37) were synthesized and their
ability to form amyloid fibrils was evaluated via thioflavin-T binding assays, CD and TEM.
Fragments 1-15, 1-25, and 26-37 are not amyloidogenic and do not alter amyloid formation by
intact human IAPP. In contrast, fragment 16-37 can form amyloid by itself and accelerates IAPP
amyloid formation. However, we demonstrate that MMP9 can inhibit fibril formation of fragment

16-37 by cleaving it into even smaller fragments.

3.1 Introduction

Several enzymes including neprilysin, matrix metalloproteinase (MMP) 2, MMP9, and insulin-
degrading enzyme (IDE) have been studied for their role in IAPP aggregation [1-6]. However, the
mechanism of cleavage of IAPP and prevention of IAPP amyloid formation by these enzymes is

not fully determined. This chapter describes the studies of MMP9. Neprilysin is a 90-110 kDa zinc
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metalloproteinase. The physiological role of neprilysin varies depending on tissue localization. In
studies of Alzheimer’s disease, neprilysin was shown to degrade A3, the main peptide component
of the amyloid deposits found in this disease [7-9]. Neprilysin is also expressed and active in islets,
but the potential role of neprilysin in inhibiting amyloid formation in islets is ambiguous. Therefore,
IAPP degradation by neprilysin is of great interest. IDE, known alternatively as insulysin, was first
identified as a degrading enzyme because of its ability to cleave the B chain of the hormone insulin.
Both Ap and IAPP have been shown to be substrates of IDE [5, 10]. Inhibition of this enzyme
results in reduced IAPP degradation and increased amyloid deposits in insulinoma cells [6]. More
recently, two other enzymes, MMP2 and MMP9 were also shown to be capable of degrading A
and IAPP [4, 11, 12], but MMP 2 activity was not detected in either human IAPP transgenic or
nontransgenic mouse islets. Conversely, MMP9 is expressed and active in the islets of mouse
models. Inhibition of MMP9 activity was shown to result in increased amyloid deposits and -cell
apoptosis [4]. Therefore, MMP9 may play an important role in regulation of IAPP amyloid

formation in vivo.

MMP9 degradation of IAPP is selective. Rat IAPP was not cleaved with incubation of MMP9.
Ala®-11e?8 is the putative site of MMP9 cleavage on human IAPP [4]. This cleavage site is within
the region that might be critical for amyloid formation. To date, the cleavage products have not
been tested for their amyloidogenicity nor their effect on full length human IAPP amyloid
formation. In this study, we determine the mechanism of MMP9 in preventing islet amyloid

formation.
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3.2 Materials and methods

3.2.1 MALDI-TOF mass spectroscopy analysis of cleavage products.

Wild-type IAPP 10 uM was incubated at 37 °C with MMP9 which was purchased from EMD
Millipore. The enzyme is supplied in 50 mM HEPES, 10 mM CacCl, 20% glycerol, and 0.005%
BRIJ-35 detergent. After 22 h incubation, the solution was desalted using Millipore C18 zip tips,

and mixed with the matrix a.-cyano-4-hydroxycinnamic acid before measurement.

3.2.2 Peptide synthesis and purification.

Wild-type IAPP and IAPP fragments were synthesized on a 0.25 mmol scale using Fmoc
chemistry on a CEM microwave peptide synthesizer. Fmoc-Phe-PEG-PS resin and Fmoc-Ala-
PEG-PS resin were used in the synthesis of fragment 1-15 and fragment 1-25, respectively. Fmoc-
PAL-PEG-PS resin was used in order to incorporate the amidated C-terminus in wild-type IAPP,
fragment 16-37 and 26-37. Standard Fmoc reaction cycles were used. The first residue attached to
the resin, B-branched residues, Arg, and all pseudoproline dipeptide derivatives were double
coupled. Fmoc protected pseudoproline dipeptide derivatives were incorporated at positions 9-10,
19-20, and 27-28 to facilitate the synthesis [13]. The peptide was cleaved from the resin through
the use of standard TFA methods. Crude peptides were partially dissolved in 20 % acetic acid (v/v),
and lyophilized to increase their solubility. The dry peptides were then redissolved in dimethyl
sulfoxide (DMSO) at room temperature to promote the formation of disulfide bonds [14, 15].
Analytical HPLC was used to monitor the process of oxidation. The peptides were purified by
reverse-phase HPLC using a Vydac C18 preparative column (10 mm x 250 mm). A two buffer
gradient system was used: buffer A consisted of 100% H>0 and 0.045% HCI (v/v) and buffer B

consisted of 80% acetonitrile, 20% H>O and 0.045% HCI (v/v). HCI was used as the counterion
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since residual TFA can influence amyloid formation. Analytical HPLC was used to check the purity
of peptides before use. Peptides were analyzed by mass spectrometry using a Bruker MALDI-TOF
MS to confirm the molecular weight. Wild-type IAPP, expected m/z: 3903.3, observed 3902.1;
fragment 1-15 IAPP, expected 1639.9, observed 1639.9; fragment 1-25 IAPP expected 2667.0,
observed 2667.1; fragment 16-37, expected 2282.5, observed 2283.3; fragment 26-37 IAPP,

expected 1254.4, observed 1254.2.

3.2.3 Sample preparation.

A 1.6 mM peptide solution was prepared in 100% HFIP and stored at -20 °C. Before aliquoting
the desired amount, solutions were filtered using a 0.22 um syringe filter. For kinetic experiments,
aliquots of the filtered stock solution were lyophilized for 20 to 24 h, and then diluted into pH 7.4,
20 mM Tris buffer and thioflavin-T solution. The final concentration of wild-type IAPP and

fragments was 16 uM.

3.2.4 Thioflavin-T and p-cyanophenylalanine (p-cyanoPhe) fluorescence assays.

Thioflavin-T fluorescence studies were conducted using a Beckman Coulter DTX880 plate
reader. An excitation wavelength of 430 nm and emission wavelength of 485 nm was used. p-
CyanoPhe fluorescence studies were performed on an Applied Photo technology fluorescence
spectrophotometer. p-cyanoPhe fluorescence was excited at 240 nm and emission was monitored

at 296 nm.

3.2.5 Circular dichroism (CD) experiments.

CD experiments were performed at 25 °C using an Applied Photophysics Chirascan circular

dichroism spectrometer. The peptide solutions for the CD experiments were prepared by diluting
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the lyophilized dry peptide into 20 mM Tris-HCI buffer at pH 7.4. The final concentration of
peptide was 16 M. Spectra were recorded from 190 to 260 nm at 1 nm intervals in a quartz cuvette
with a 0.1 cm path length at 25 °C. CD experiments used the same reaction solutions as the
thioflavin-T fluorescence measurements. A background spectrum was subtracted from the

collected data.
3.2.6 Transmission electron microscope (TEM).

TEM was performed at the Life Science Microscopy Center at the State University of New York
at Stony Brook. Samples were aliquots from the same reaction solutions that were used for the
fluorescence measurements. 5 pulL of peptide solution was placed on 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 Identification of cleavage products produced by MMP9

We first used MALDI-TOF mass spectroscopy to identify the principle cleavage products of
MMP9 digestion. Human IAPP (10 uM) was incubated with 0.2 uM of MMP 9 at pH 7.5 and 37
°C for 22 h and the reaction products were analyzed. The major peaks in the mass spectrum
corresponded to m/z = 1641.4 and 2669.1 (Figure 3-1). These are consistent with fragments
corresponding to residues 1-15 and 1-25. We did not detect peaks corresponding to residues 16-
37 and 26-37. It is possible that these fragments were too hydrophobic to be ionized or further
digested. The complete set of cleavage product could not be determined. However, the spectrum
would suggest that MMP9 cleavage sites are Phe®®-Leu® and Ala?*-11e?°. Ala-lle is also found as
cleavage site when MMP9 cleaved another amyloidogenic protein, AB1-40 [11].
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3.3.2 MMP9 cleavage products are not amyloidogenic except for the 16-37 fragment.

To explore the potential mechanism of IAPP degradation by MMP9, we synthesized each of the
potential major fragments and tested their ability to form amyloid using fluorescence detected
thioflavin-T binding assays, CD and TEM. As noted earlier, thioflavin-T is a small dye whose
quantum yield increases when it binds to amyloid fibrils. The exact mode of dye binding is not
known, but it is thought to bind in grooves on the surface of the amyloid fibrils which are produced
by the in-register alignment of sidechains [16]. Thioflavin-T has been shown to accurately report
the time course of IAPP amyloid formation, without influencing e the kinetics of assembly under
the conditions used here [17]. However, the dye is not completely amyloid specific and it is
important to confirm the results of thioflavin-T experiments with an independent approach. Thus
we also recorded TEM images of all reaction products as well as CD spectra. Thioflavin-T
fluorescence curves for each of the fragments and for full length human IAPP (positive control)

are displayed in Figure 3-2.

The time course observed for human IAPP is typical, and a lag phase on the order of 15 h is
observed followed by a growth phase. TEM images of aliquots are recorded at the end of the
reactions and reveal dense mats of amyloid fibrils, and CD spectra reveal the presence of B-sheet
structure (Figure 3-3). Very different results are found with the fragments. The fluorescence profile
is flat for fragments 1-15, 1-25, and 26-37, with no enhancement of thioflavin-T fluorescence
detected over the entire time course (Figure 3-2). TEM images recorded for aliquots collected at
the end of the reactions confirm the absence of fibrils and CD spectra show no significant -sheet
structure. In contrast, the 16-37 fragment forms amyloid fibrils aggressively with no apparent lag

phase. Again, TEM and CD were used to confirm its ability to form fibrils.
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3.3.3 Nonamyloidogenic cleavage products do not affect amyloid formation by full length human

IAPP.

It is possible that the fragments could act as inhibitors of amyloid formation by uncleaved human
IAPP or might even accelerate IAPP amyloid formation. There are a number of IAPP mutants
which act as effective inhibitors of wild-type amyloid formation which also share the common
feature of having the mutations localized in the C-terminal half of the molecule [18, 19]. This
suggests that the N-terminal portion of the molecule might act as a recognition motif which allows
binding to wild-type IAPP, while the substitution in the C-terminal region prevents the
development of the cross- amyloid structure. There have also been reports of peptides which
accelerate amyloid formation [20]. Thus it is important to test the effects of the MMP9 cleavage
products on IAPP amyloid formation. Addition of the nonamyloidogenic fragments 1-15, 1-25 and
26-37 at several ratios had no effect on the kinetics of amyloid assembly. Thioflavin-T
fluorescence curves and TEM images of the various mixtures are displayed in Figure 3-4, together
with a positive control (full length human IAPP). The tso values, the time to 50% completion and
final value of the thioflavin-T intensity are similar for all of these samples. TEM images are also
very similar to the control study (Figure 3-5) arguing that fragments 1-15, 1-25 and 26-37 do not

alter the kinetics of IAPP amyloid formation.

3.3.4 The 16-37 fragment accelerates amyloid formation by full length human IAPP.

We also tested the effect of the 16-37 fragment on IAPP amyloid formation. This fragment is
the only cleavage product that is able to form amyloid fibrils by itself, although we did not detect
its signal in mass spectrum. Several different ratios of the 16-37 fragment to human IAPP were

examined by thioflavin T binding assay. A 1:1 mixture of human IAPP and the 16-37 fragment
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exhibits a tso that is much shorter than that observed for human IAPP alone (Figure 3-6). In
experiments containing a 5-fold and 10-fold excess of the 16-37 fragment, the thioflavin-T
fluorescence develops very quickly. Because the 16-37 fragment is also amyloidogenic and
thioflavin-T can bind to most fibrils, it is difficult to discriminate the fibrils formed by the fragment

or by human IAPP, or by mixtures using thioflavin T assays.

We further used p-cyanophenylalanine fluorescence (p-cyanoPhe or Fc=n) to directly probe the
amyloid formation by human IAPP in the presence of the amyloidogenic fragment. Fc=n is an
unnatural amino acid that can be incorporated into peptides or proteins. The fluorescence quantum
yield is high in water and low when the cyano group is buried in hydrophobic environments such
as the interior of amyloid fibrils [21, 22]. Previous studies have demonstrated that the substitution
of any of three aromatic residues in IAPP by Fc=n does not perturb the kinetics of amyloid
formation, and the method using Fc=y variant to specifically monitor amyloid formation by human
IAPP in the presence of other amyloidogenic proteins is successful [23]. Figure 3-6C displays the
thioflavin-T and p-cyanoPhe fluorescence time course for the F15Fc=n IAPP variant in 2% HFIP
with consistent stirring (black and red curves). The kinetic curve of amyloid formation in the
presence of the 16-37 fragment at a 5-fold excess is very different from the control experiments.
A much shorter lag phase is observed suggesting that the 16-37 fragment accelerates amyloid
formation by human IAPP. Additional studies without the presence of organic co-solvent were also

performed to ensure that the results were not biased (Figure 3-6D).

3.3.5 The 16-37 fragment can be further cleaved by MMP9.

We first identified MMP9 cleavage products, by incubating human IAPP with MMP9.

Thioflavin-T was applied to probe possible fibril formation. If the 16-37 fragment is the final
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cleavage product, then we should be able to observe the thioflavin T fluorescence signal due to its
ability to form amyloid fibrils. However, there was no detectable fluorescence change for the entire
incubation. Therefore, it is plausible that the peptide could be further cleaved by MMP9. To
determine whether MMP9 degrades the 16-37 fragment, we incubated this fragment with MMP9
at 37 °C in a buffer solution containing thioflavin-T at pH 7.5. Thioflavin-T fluorescence was
monitored and MALDI-TOF mass spectroscopy was used to determine cleavage products. TEM
images were also recorded for samples collected from the fragment and MMP9 mixture. Figure 3-
7 shows that MMP?9 inhibits the 16-37 fragment fibril formation by cleaving this peptide at Ala®>-
Ile?. Only some non-fibrillar aggregates were detected in the mixtures of MMP9 and the 16-37
fragment. The mass spectrum clearly shows a peak corresponding to the cleavage product, the 16-

25 fragment.

3.4 Conclusions

Our data shows that MMP9 can degrade human IAPP and is consistent with previous data [14].
However, in that study, there is faint but detectable signal for full length IAPP in mass spectra and
only one cleavage product was identified. It is likely possible that we used higher enzyme

concentration and had a longer time incubation to completely degrade IAPP in our study.

MMP9 cleaves IAPP at two positions, Phe!*>-Leu'® and Ala*-11e?®, as identified by MALDI mass
spectrometry. We recognized the peaks corresponding to the 1-15 and 1-25 fragments, but the
peaks from the 16-37 and 26-37 fragments do not appear in the mass spectra. In general, peptides
with many hydrophobic residues are not easy to be detected by MALDI. These two missing

fragments could be too hydrophobic to be ionized or could be further digested by MMP9. A control
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mass experiment (Figure 3-8) reveals that only faint signal is detected when the concentration of
the 26-37 fragment is as low as that of human IAPP. The 16-37 fragment could be further digested,

as shown by an observation of the 16-25 fragment when MMP9 was added to this peptide.

We also tested the ability of the resulting fragments to form amyloid fibrils and tested their
inhibitory effect on full length IAPP amyloid formation. The 1-15, 1-25 and 26-37 fragments are
not amyloidogenic. TEM images confirmed that these fragments do not form fibrils or small
aggregates. These three fragments also do not affect the kinetics of IAPP amyloid formation or the
morphologies of IAPP amyloid fibrils. TEM images of fibrils produced in each case are also
similar to each other. In contrast, the 16-37 fragment is capable of forming fibrils in isolation. This
peptide does not contain the flexible N-terminal part nor has any positive or negative charged
residues. That may explain why this peptide forms amyloid much faster than IAPP. Use of p-
cyanoPhe fluorescence provides direct evidence that the 16-37 fragment can promote IAPP

amyloid formation.

Taken together, we have demonstrated that MMPO inhibits amyloid formation by human IAPP
and by the 16-37 fragment via degradation of the peptides. The resulting fragments become
inactive. MMP9 can significantly reduce islet amyloid deposition. Thus, maintaining or increasing
MMP9 in islets could potentially prevent IAPP amyloid formation and protect B-cells. The
observation that the 16-37 fragment accelerates amyloid formation by wild-type TAPP is
interesting and elucidation of its mode of action might provide clues as to free energy barriers

involved in amyloid formation.
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3.5 Figures
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Figure 3-1: Identification of MMP9 cleavage products. (A) Primary sequence of human 1APP.
The putative cleavage sites are indicated by arrows. (B) Peaks m/z = 1641.4 and 2669.1 are
corresponding to residues 1-15 and 1-25, suggesting that Phe®>-Leu'® and Ala®-11e?® are the two

major cleavage sites. Peak m/z = 568.7 was identified as contaminant of matrix.
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Figure 3-2: Thioflavin-T monitored kinetics of amyloid formation by human IAPP and four IAPP
fragments. TEM images collected at the end of the reaction (45h) are also shown. (A) Black,
human IAPP; yellow, the 16-37 fragment; red, the 1-15 fragment; green, the 1-25 fragment; blue,
the 26-37 fragment. All experiments were conducted in 20 mM, pH 7.4 Tris buffer without stirring
at 25 °C. (B) TEM image of amyloid fibrils formed by human IAPP. (C) TEM image of amyloid
fibrils formed by the 16-37 fragment. (D) TEM image of a sample of the 1-15 fragment. (E) TEM
image of a sample of the 1-25 fragment. (F) TEM image of a sample of the 26-37 fragment. Scale
bars represent 100 nm.
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Figure 3-3: CD spectra of human IAPP and the four cleavage fragments collected at the end of
thioflavin-T kinetic experiments are shown: (A) Human IAPP. (B) The 16-37 fragment. (C) The
1-15 fragment. (D) The 1-25 fragment. (E) The 26-37 fragment. (A) and (B) show the typical p-

sheet signals suggesting the formation of amyloid fibrils.
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Figure 3-4: The 1-15, 1-25 and 26-37 fragments do not alter amyloid formation by full length
human TAPP. Thioflavin-T fluorescence monitored kinetics are shown: (A) human IAPP (black)
and human IAPP with the 1-15 fragment; (B) human [APP (black) and human IAPP with the 1-25
fragment; (C) human [APP (black) and human IAPP with the 26-37 fragment at 1: 0.5 (red), 1:1
(green), 1:5 (pink) and 1:10 (blue) ratios. All experiments were conducted in pH 7.4, 20 mM Tris
buffer without stirring at 25 °C. Human [APP concentration is 16 uM. (D) The comparison of tso

of human IAPP kinetics in the presence or absence of fragments.
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Figure 3-5: The 1-15, 1-25 and 26-37 fragments do not alter the morphologies of amyloid fibrils
formed by human IAPP. Samples were removed from at the end of the Kkinetic reactions shown in
Figure 3-4, and TEM images are recorded for (A) 1:1 mixture of human IAPP and the 1-15
fragment; (B) 1:5 mixture of human IAPP and the 1-15 fragment; (C) 1:1 mixture of human IAPP
and the 1-25 fragment; (D) 1:5 mixture of human IAPP and the 1-25 fragment; (E) 1:1 mixture of
human IAPP and the 26-37 fragment; (F) 1:5 mixture of human IAPP and the 26-37 fragment.

Scale bars represent 100 nm.

93



(A) (B)
le+7 -
20 A
. 8Betb6 -
> /"
8 6et6{ o 15 1
z -
B =
E) 4e+6 - = 10 A
= 'E)
2e+6 — 5
0o eee———————
: , . , . ‘ 0
0 10 20 30 40 50 WT
Time (hr)
(C) (D)
—~ 12, 12,
> 5
‘CE_ 10 mmwommooocmn ....‘olc & 10
> e % o ~
o . .. c
-‘E 6 1 ° * o ﬂg 6 g
o E
E 4 - @ o.o.. E 4
g 2 4 Of’ o .."0... E 2 |
8 0 wumﬁ:uuﬂ"‘. ...."% ,g 0 |
0 2000 4000 6000 5 20 prS & 5
Time (s) Time (hr)

Figure 3-6: The 16-37 fragment accelerates amyloid formation by human IAPP. (A) Thioflavin-
T fluorescence monitored kinetics of amyloid formation by human IAPP (black), human IAPP and
the 16-37 fragment at 1: 0.5 ratio (red), human IAPP and the 16-37 fragment at 1:1 ratio (green),
human IAPP and the 16-37 fragment at 1:5 ratio (pink) and human IAPP and the 16-37 fragment
at 1:10 ratio (blue). (B) Comparison of tso of amyloid formation by human IAPP in the presence
or absence of fragment 16-37. ND: tso is not able to be determined due to fast increases in
fluorescence intensity. (C) Thioflavin-T (black) and p-cyanoPhe fluorescence (red) kinetics of
F15Fc=n IAPP variant. The grey curve is the thioflavin-T monitored kinetic trace of F15Fc=n IAPP
with a 5-fold excess of the 16-37 fragment and the green curve is the p-cyanoPhe kinetic trace of
F15Fc—n IAPP with a 5-fold excess of the 16-37 fragment. Experiments are conducted at 25 °C,
pH 7.4 20 mM Tris buffer with 2% HFIP and constant stirring. (D) Same as figure C, but

experiments were performed without 2% HFIP and without stirring.
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Figure 3-7: MMP9 degrades the 16-37 fragment and inhibits its ability to form fibrils. (A)
Thioflavin-T fluorescence monitored kinetic of the 16-37 fragment with (blue curve) and without
(red curve) MMP9. (B) TEM image of amyloid fibrils formed by the 16-37 fragment in the absence
of MMP9. (C) TEM image recorded for a sample of the 16-37 fragment in the presence of MMP9.
Scale bars represent 100 nm. (D) MALDI mass spectrum shows that Ala?-1le*® is the major MMP9

cleavage site for degradation of the 16-37 fragment.
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Figure 3-8: The 26-37 fragment is a highly hydrophobic peptide. Only faint signal of the 26-37
fragment was shown on MALDI mass spectrum when it was prepared at the same concentration
as that of human IAPP.
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Chapter 4. Mutational analysis of preamyloid intermediates: The role of His-Tyr

interactions in islet amyloid formation

Abstract

Formation of islet amyloid is complex and characterizing preamyloid oligomers is an important
topic because oligomeric intermediates are postulated to be the most toxic species produced during
fibril formation. A range of competing models for early oligomers have been proposed. The role
of the amidated C-terminus in amyloid formation by IAPP and in stabilizing oligomers is not
known. Studies with unamidated IAPP have provided evidence for formation of an antiparallel
dimer at pH 5.5, stabilized by stacking of His-18 and Tyr-37, but it is not known if this interaction
is formed in the physiological form of the peptide. Analysis of a set of variants with a free and
with an amidated C-terminus shows that disrupting the putative His-Tyr interaction accelerates
amyloid formation, indicating that it is not essential. Amidation to generate the physiologically
relevant form of IAPP accelerates amyloid formation, demonstrating that the advantages conferred
by C-terminal amidation outweigh increased amyloidogenicity. The analysis of this variant argues
that IAPP is not under strong evolutionary pressure to reduce amyloidogenicity. Analysis of an
H18Q mutant of IAPP shows that the charge state of the N-terminus is an important factor
controlling the rate of amyloid formation, even though the N-terminal region of 1APP is believed

to be flexible in the amyloid fibrils.

NOTE: The material presented in this chapter has been published (Tu, L.H.; Serrano, A. L.; Zanni,
M. T.; Raleigh, D. P., Mutational analysis of preamyloid intermediates: The role of His-Tyr
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interactions in islet amyloid formation. Biophys. J. 2014, 106 (7), 1520-1527). This chapter
contains direct excerpts from the manuscript, which was written by me with suggestions and
revisions from Professor Daniel P. Raleigh and Martin T. Zanni. Arnaldo L. Serrano performed

the two-dimensional infrared spectroscopy experiments.

4.1 Introduction

The role of the C-terminus in IAPP amyloid formation is relatively unexplored, but recent
solution NMR studies using recombinant human IAPP strongly suggested that His-18 and Tyr-37
make early contacts during amyloid formation by an unamidated variant of IAPP at acidic pH [1].
His-aromatic amino acid interactions are known to be important in globular proteins [2], but have
not been widely considered in the context of amyloid formation, and it is not known if these
interactions are formed in the naturally occurring amidated form of IAPP or whether they are
important if present. A model of an antiparallel stable dimer generated by stacking of the side
chains of His-18 and Tyr-37 was proposed based on the NMR studies [1]. However, removal of
the charged carboxylate and replacement with a neutral amide group to generate the physiological
form of IAPP could alter interactions with the His side chain. In addition, the interactions involving
His-18 and a charged C-terminus should be weaker at physiological pH because the pKa of His-
18 is expected to be near, or below 7 in the monomeric state. Thus, the fraction of peptide with a
protonated His-18 will decrease as the pH rises to physiological valves. Along these lines, previous
studies of C-terminus amidated IAPP variants that contain the fluorescent Tyr/Phe analog 4-
cyanophenylalanine argued that the aromatic side chains remain solvated during the lag phase and

suggested that aromatic-aromatic interactions involving Tyr-37 or interactions of Tyr-37 with a
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neutral His do not develop during the lag time [3]. Other models of low order oligomers have been
proposed; including, for example, the formation of helical intermediates or the generation of
dimers involving a side-by-side arrangement of B-hairpin monomers [4-8]. Thus, the role of
potential His-18-Tyr-37 interactions is not clear, and the role of C-terminus in amyloid formation
is not completely defined, nor is the nature of early structure acquisition clear. These issues are
important because some inhibitors may target early oligomeric structures, and because oligomeric
intermediates are thought to be the most toxic species [9-11]. Here, we investigate the role of the

C-terminus of IAPP and its interaction with His-18 during amyloid formation by IAPP.

4.2 Materials and methods

4.2.1 Peptide synthesis and purification

Peptides were synthesized on a 0.1 mmol scale using a CEM Liberty microwave peptide
synthesizer, and 9-fluornylmethoxycarbonyl (Fmoc) chemistry. Solvents used were ACS-grade.
Fmoc-PAL-PEG-PS resin was used to form an amidated C-terminus. Fmoc-L-Tyr (OtBu)-PEG-
PS resin was used for the preparation of peptides with a free C-terminus. Standard Fmoc reaction
cycles were used. Fmoc protected pseudoproline dipeptide derivatives were incorporated at
positions 9-10, 19-20, and 27-28 as previous described [12]. A maximum temperature of 50 °C
was used for the coupling of His and Cys to reduce the possibility of racemization [13]. Peptides
were cleaved from the resin by standard TFA methods. Crude peptides were partially dissolved in
20% acetic acid (v/v), frozen in liquid nitrogen, and lyophilized to increase their solubility. The
dry peptide was redissolved in DMSO at room temperature to promote the formation of the

disulfide bond [14, 15]. Analytic HPLC was used to ensure the completion of oxidation. Peptides
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were purified by HPLC using a Vydac or Proto 300 C18 preparative column (10 mm x 250 mm).
A two buffer gradient was used: buffer A consisted of 100% H>O and 0.045% HCI (v/v) and buffer
B included 80% acetonitrile, 20% H-0, and 0.045% HCI. HCI was used as the counterion instead
of TFA because residual TFA can influence amyloid formation. Analytical HPLC was used to
check the purity of peptides before use. MALDI-TOF mass spectrometry confirmed the correct
molecular mass. hIAPP, expected 3903.3, observed 3902.8; H18Q-hlAPP, expected 3894.3,
observed 3894.4; H18L-hIAPP, expected 3879.3, observed 3879.3; free CT-hIAPP, expected

3904.2, observed 3903.8; free H18Q CT-IAPP, expected 3895.3, observed 3895.9.

4.2.2 Sample preparation

Peptides were dissolved in 100% HFIP at a concentration of 1.6 mM and stored at -20 °C. For
kinetic studies, 8 uL aliquots were lyophilized and redissolved in 800 uL of 20 mM Tris buffer,
pH 7.4. For the seeding assays, preformed fibrils were produced from kinetic studies. The solution
was incubated and thioflavin-T fluorescence was monitored to ensure that fibril formation had

occurred. Seeds were freshly prepared to ensure reproducibility.

4.2.3 Thioflavin-T fluorescence assays

For kinetic assays, solutions were prepared by adding 20 mM, pH 7.4 Tris buffer containing
thioflavin-T to lyophilized dry peptides for a final peptide concentration of 16 uM. For the seeding
assays, preformed fibrils mixed with Tris buffered thioflavin-T solution were added to the
lyophilized dry hIAPP samples. The final condition was 16 uM peptide, 32 uM thioflavin-T, 1.6
uM seeds (in monomer units), and 20 mM Tris buffer at pH 7.4. Measurements were made at 25

°C using a Beckman Coulter DT X880 plate reader without stirring.

4.2.4 Transmission electron microscopy (TEM)
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TEM was performed at the Life Science Microscopy Center at Stony Brook University. Aliquots
were removed from the same solutions that were used for the fluorescence measurements. 5 uL of
peptide solution was placed on a carbon-coated Formvar 300 mesh copper grid for 1 min and then

negatively stained with saturated uranyl acetate for another 1 min.

4.2.5 Two-dimensional infrared spectroscopy (2DIR)

Samples for 2DIR were prepared at 0.5 mM in 20 mM pH 7.4 Tris buffer in D20, in a CaF;
infrared cell with a 56 mm Teflon spacer, after overnight deuterium exchange in 100% HFIP-d
(Aldrich). 2DIR spectra were collected as described previously [16]. Briefly, 60 fs mid-IR pulses
centered at 6 mm, generated by optical parametric amplification of light from a regeneratively
amplified Ti: sapphire laser system, were split into pump and probe beams, the former of which
was sent through a Ge-based mid-IR acoustooptic pulse shaper to generate the pump pulse pair
needed for 2D spectra and to provide shot-to-shot phase cycling. After passing through the
excitation region of the pump beam, the probe beam was detected and digitized with a 64 element
MCT detector array system (Infrared Systems). The pump and probe beams were polarized parallel

in all experiments.

4.3 Results and discussion

4.3.1 Design of a model system to study the role of His-18 and Tyr-37 interactions in IAPP amyloid

formation

The primary sequences of human IAPP (h1APP) and designed mutants are shown in Figure 4.1A.

The molecule contains a single histidine at position 18 and three aromatic residues, including a
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single tyrosine at the C-terminus. Several structural models of hIAPP amyloid fibrils have been
proposed; one based on the analysis of small peptide fragments of hIAPP and two based on solid-
state NMR studies [17, 18]. His-18 is buried in the core of the fibril in the model based on
crystallographic studies, and in one of the NMR-based models. However, calculations performed
at the level of the linearized Poisson-Boltzmann equation argue that the network of interactions
formed by His-18 is enough to overcome the desolvation barrier for a neutral His side chain [19].
The C-terminal Tyr is part of the ordered p-sheet core in all models and the parallel in register -
structures mean that the C-terminus of the one polypeptide chain is close to the C-terminus of its
neighbors. Thus, there should be considerable charge repulsion in amyloid fibrils formed from

variants with a free C-terminus, provided of course that they adopt the same structure.

To investigate the potential importance of His-18 and Tyr-37 interactions, we synthesized
hIAPP variants in which His-18 was replaced by the neutral residues, GIn and Leu. These
substitutions were chosen because they are roughly similar in volume to His. Obviously, they differ
in shape and hydrophobicity and these factors could influence amyloid formation. However, the
use of two different substitutions at position 18 helps to ensure that any conclusions are robust.
Additional variants were prepared with a free C-terminus and substitutions at position-18. (Figure
4-2A). The rate of amyloid formation was measured using fluorescent detected thioflavin-T

binding assays [20].

The data collected for hIAPP show a typical sigmoidal curve (Figure 4-1B, dots). The H18Q-
hIAPP single mutant forms amyloid fibrils moderately faster than hIAPP (Figure 4-1B, squares)
and the fibril morphology is similar to h1APP fibrils as judged by TEM and 2DIR (Figure 4-1C
and 1D, and Figure 4-3). This argues that any interactions between His-18 and the C-terminus Tyr
are not critical for amyloid formation because their disruption at physiologically relevant pH does
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not inhibit amyloid formation, but actually accelerates it. When His-18 is replaced by Leu, a less
polar substitution than GIn, even more dramatic effects are observed and amyloid formation is
much faster. No apparent lag phase is observed for H18L-hIAPP (Figure 4-1B, triangles). The
protonated state of His-18 significantly affects the rate of amyloid formation [21], however the pH
used in these studies is 7.4 £0.2, and His-18 is expected to be largely deprotonated under these

conditions. Hence, the effects are unlikely to be due simply to removal of a positive charge.

4.3.2 IAPP variants with a free C-terminus behave differently than C-terminal amidated IAPP

Previous work has shown that the natural amidated form of hIAPP and an IAPP variant with a
free acid at its C-terminus form a different distribution of oligomers during the aggregation process

[22], but putative His-18 and Tyr-37 interactions have not been probed.

To examine the possible role of interactions between His-18 and the C-terminus, we synthesized
variants of hIAPP with a free acid C-terminus (denoted free CT-hIAPP, Figure 4-2A). This is the
same form that was used in the solution NMR studies that defined the head-to-tail dimers [1]. Free
CT-hlAPP formed amyloid much more slowly than hlAPP, by a factor of 4, as judged by the tso
value of the two kinetic profiles (Figure 4-2B, dots and squares). TEM images revealed differences
in fibril morphology. hIAPP formed long and dense fibrils, whereas the free CT-hIAPP fibrils are
shorter and curly (Figure 4-2C and 2D). We also prepared an hIAPP variant with a free acid C-
terminus and a His-to-GlIn substitution (denoted H18Q free CT-1APP, Figure 4-2A) to analyze the
impact of replacing His-18 in the free carboxylate background. H18Q free CT-1APP formed
amyloid faster than free CT-hIAPP (Figure 4-2B, triangles and squares). Again, the data show
that replacement of His-18 accelerates amyloid formation and thus indicates that His-18-Tyr-37

interactions are not essential for amyloid formation in either background at pH 7.4. We used 2DIR
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to probe the secondary structure of amyloid fibrils formed by the different variants. The IR
transitions of the Amide-1’ modes of proteins are sensitive to secondary structure and 2DIR has
been used to monitor secondary structure as well as the packing of individual peptides in IAPP
amyloid [23, 24]. 2DIR spectra were recorded for all of the samples and are displayed in Figure 4-
3.The spectra are broadly similar to previously reported spectra of hIAPP [24]. The slice along the
diagonal in the 2DIR contains similar information to a traditional linear IR spectrum, but with
more prominent 3-sheet signal because B-sheets and a-helices have stronger transitions than
random coils in 2D IR spectra [25]. The diagonal slices are very similar and all display a prominent,

sharp peak centered near 1617-1620 cm™, a frequency range that corresponds to B-sheet structure.

The data shows that all of the variants form -sheet-rich aggregates.
4.3.3 Nonadditive effects are observed with multiple mutations

hIAPP with a free C-terminus formed amyloid significantly more slowly than wild-type (WT)
hIAPP with a 4-fold longer tso, whereas the His to GIn mutation at position 18 slightly accelerated
the process (~20%). If the effects of the changes are independent there should be no synergy
between them and the effect of a double mutation should be the sum of the individual effects. This
approach is widely used in studies of protein folding and protein stability where the processes
under consideration can usually be described by simple models using a limited number of
thermodynamic states [26]. Amyloid formation is significantly more complex and may involve
multiple pathways and heterogeneous distributions of intermediates. In addition, it is presently
impossible to measure rate constants for each of the microscopic steps in amyloid formation and,
instead, tso or the lag time is often used as a proxy for the time constant. However, tso and the lag
time likely cannot be related to the lifetime of a single kinetic step. These considerations indicate

that there are considerable complications in using a double mutant cycle type approach to analyze
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amyloid kinetics, nonetheless, a semiquantitative analysis can still provide insight. If 1/tso is used
as a proxy for the rate, i.e., tso is used as a proxy for an individual time constant, then one expects
additive effects on the value of In(1/tso) if two substitutions are independent, or equivalently,
multiplicative effects on (1/tso). Here, we used the ratio (tso/tso-wt) Where tso-wr is the tso of normal
amidated WT hIAPP. The expected additive effect was estimated by multiplying this parameter
(tso of single mutant/tso-wt) calculated for the two single substitutions. The analysis revealed that
the observed effects were not equal to the result expected for noninteracting sites (Figure 4-4). The
tso for H18Q free CT-IAPP is 0.8 that of hlAPP, whereas the expected result, assuming
independent effects, is 3.2-fold. This analysis suggests that the C-terminal carboxylate interacts

with His-18, but that the interaction does not favor amyloid formation.

4.3.4 Amyloid fibrils formed by IAPP variants with a free acid C-terminus do not seed amyloid

formation by hIAPP

We further examined the structural similarity between hIAPP fibrils and the fibrils formed by
different hIAPP variants using seeding experiments. Preformed h1APP fibrils can be used as seeds
to seed amyloid formation by monomeric hIAPP leading to a bypassing of the lag phase. Seeding
is generally specific and structural differences between different proteins impact seeding
efficiencies [27, 28]. We first seeded hIAPP with h1APP fibrils as a control. As expected, a bypass
of the lag phase was observed and a significant increase in thioflavin-T fluorescence in the first
few hours was detected (Figure 4-5, open circles). We then tested the ability of fibrils formed by
the different variants to seed hIAPP. When h1APP was seeded by preformed H18Q-hIAPP fibrils,
a curve similar to the control study was observed, suggesting that H18Q- hIAPP formed fibrils that
are very similar to those generated by h1APP fibrils (Figure 4-5, diamonds). In striking contrast,

either of the variants with a free C-terminus is much less effective at seeding amyloid formation
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by hIAPP and a significant lag phase is still observed. (Figure 4-5, squares and triangles). This
result highlights the importance of the C-terminus and strongly suggests that there are differences
in the details of the fibril structure formed by amidated and unamidated h1APP. It is striking that
simply replacing an amide group at the C-terminus by a carboxylate has more effect than replacing

His-18 by residues that differ significantly in shape and polarity.

4.3.5 Analysis of H18Q-hlAPP reveals that the protonation state of the N-terminus affects the rate

of amyloid formation

The rate of human IAPP amyloid formation is pH dependent and is faster above pH 7 than below.
This is likely due in part to the deprotonation of His-18, but the free N-terminus could also
contribute [21, 29]. Our H18Q-hlIAPP mutant allows us to probe the role of the protonation state
of the N-terminus in a background where no other groups titrate with a similar pKa. Amyloid
formation by the mutant is approximately 4-fold faster at pH 7.5 relative to the rate at pH 5.0
(Figure 4-6 and Figure 4-7). The data highlights the contribution of the N-terminal charge state to
amyloid formation and reveals that the pKa of the free N-terminus is below 7.5. All models of
IAPP amyloid fibril postulate that the N-terminus is flexible, thus the strong dependence of the

rate of amyloid formation on its charge state is striking.

4.4 Conclusions

The analysis presented here clearly shows that interactions involving His-18 and the C-terminus
Tyr are not essential for amyloid formation and, furthermore, show that disrupting this potential
interaction in both backgrounds enhances the rate of amyloid formation. Previous work, using
recombinant IAPP with a free C-terminus, provided good evidence, via NMR, for interactions

109



between His-18 and the C-terminus at pH 5.5 [1]. This led to a model for formation of a head-to-
tail dimer. Such interactions are expected to be stronger in the IAPP variant with a free C-terminus
at low pH because the negatively charged carboxylate will make stronger interactions with His-18,
which will be positively charged at pH 5.5. The data presented here show that if such interactions
are formed in the physiologically relevant amidated form at physiological pH they do not promote

amyloid formation, but rather hinder it.

Does this mean that the C-terminus of IAPP does not interact with the side chain of His-18? Not
necessarily. The observation of nonadditive effects between the C-terminus and His-18 is
consistent with formation of an interaction, although the effects are small. However, this does not
imply that head-to-tail dimers are formed; they may be, but the fact that replacement of His-18
accelerates amyloid formation is broadly consistent with other models of early intermediates. The
helical intermediate model predicts that the key contacts are made in the region of residues 8 to 18
and replacement of His might improve packing in this region [4-6]. The B-hairpin model involves
two intramolecular B-hairpins packing together via strand-strand interactions in the region of
residues 11 to 18 and residues 23 to 32 [7]. Again, replacement of His-18 could modify these

interactions and might reduce unfavorable interactions between two polar side chains.

Replacement of the neutral amidated C-terminus with a negatively charged free carboxylate
significantly decreased the rate of amyloid formation, consistent with previous studies [21], even
though the change decreases the net charge on the polypeptide, showing that the rate of aggregation
does not correlate with the net charge of the peptide although electrostatic interactions and peptide
ion interactions are important in IAPP aggregation [19]. There is a parallel with the solubility of

globular proteins; to a rough first approximation, proteins are the least soluble when the pH equals
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the protein pl, but there are numerous examples where proteins are actually less soluble when pH

does not equal the pl.

The fact that hIAPP variants with a free C-terminus are significantly less amyloidogenic argues
that hIAPP is not under strong evolutionary pressure to minimize amyloidogenicity. The
advantages of a modified C-terminus, enhanced resistance to proteases and possibly higher
biological activity clearly outweigh the deleterious effects of increased in vitro amyloidogenicity.
The likely explanations are that, until very recently, type 2 diabetes and islet amyloid did not
significantly affect the young, thus prevention of islet amyloid was not under strong evolutionary
pressure. A second, but not exclusive, possibly is that in vitro amyloidogenicity does not directly
correlate with in vivo amyloidogenicity. The latter point may be relevant for hlAPP because hlAPP
normally does not form amyloid in vivo even though it is stored in the secretary granule at

concentrations that lead to rapid amyloid formation in vitro.
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4.5 Figures
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Figure 4-1: (A) Primary sequence of hIAPP and the two IAPP variants designed to study the
potential His-18-Tyr-37 interaction in the naturally occurring amidated background. All peptides
contain a disulfide bridge between residues 2 and 7, and an amidated C-terminus. (B) Thioflavin-
T fluorescence monitored kinetic experiments are shown: Dots, hIAPP; Squares, H18Q-hlIAPP;
Triangles, H18LhIAPP. All experiments were conducted in 20 mM, pH 7.4 Tris buffer, without
stirring at 25 °C. TEM image of the amyloid fibrils formed by hlAPP (C); H18Q-hIAPP (D);
H18L-hlIAPP (E). Scale bars represent 100 nm.
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Figure 4-2: (A) Primary sequence of hlAPP and the two IAPP variants with a free C-terminus. All
peptides contain a disulfide bridge between residues 2 and 7. (B) Thioflavin-T fluorescence
monitored kinetic experiments are shown: Dots, hIAPP; Triangles, H18Q free CT-1APP; Squares,
free CT-hl1APP. All experiments were conducted in 20 mM, pH 7.4 Tris buffer without stirring at
25 °C. (C) TEM image of the amyloid fibrils formed by hIAPP. The micrograph is the same as the
one shown in Figure 4-1. (D) TEM image of the amyloid fibrils formed by free CT-hlAPP. (E)
TEM image of the amyloid fibrils formed by H18Q free CT-1APP. Scale bars represent 100 nm.
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Figure 4-3: Two-dimensional infrared spectroscopy confirms that all peptides form amyloid fibrils.
(A) hl1APP. (B) H18L-hIAPP. (C) H18Q-hIAPP. (D) Free CT-hlAPP. (E) H18Q free CT-I1APP.

The diagonal slices of each spectrum are shown at the bottom of the figure.
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Figure 4-4: Nonadditive effects were observed between the C-terminus and His-18. The histogram
shows the effect caused by mutation or by modification of the C-terminus. The expected additive

result is indicated by the arrow.

115



6.0e+5 -

4.5e+5 A

3.0e+5 H

1.5e+5 A

Fluorescence intenisty (a. u.)

0.0 .

Time (hr)

Figure 4-5: Amyloid fibrils formed by IAPP variants with a free acid C-terminus are much less
effective at seeding amyloid formation by hIAPP than amyloid fibrils formed by variants with an
amidated C-terminus. Thioflavin-T fluorescence monitored kinetic experiments are shown: Dots,
unseeded hlAPP; Open circles, hIAPP seeded by hIAPP amyloid fibrils; Diamonds, hIAPP seeded
by H18Q-hlIAPP amyloid fibrils; Triangles, hIAPP seeded by free CT-hIAPP amyloid fibrils;
Squares, hlIAPP seeded by free H18Q CT-1APP amyloid fibrils. Seeds were present at 10%

concentration in monomer units.
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Figure 4-6: Kinetics of amyloid formation by H18Q-hlAPP in different pH conditions. The curves
were used to measure the tso values shown in Figure 4-7. Experiments were conducted at 25 °C.

The peptide concentration was 20 uM.
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Figure 4-7: The pH dependence of amyloid formation by H18Q-hl1APP shows that the charge state
of the N-terminus plays an important role in amyloid formation. Values of tsq are plotted versus
pH. Experiments were conducted at 25 °C in 20 mM Tris buffer. The error bars were derived by
conducting 3 to 4 independent measurements for each pH. The pH was adjusted by addition of
small amounts of HCI. The maximum added CI , beyond that present in the Tris buffer, due to the
addition of HCI was 5 mM.
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Chapter 5. Aspirin, diabetes and amyloid: Reexamination of the inhibition of amyloid

formation by aspirin and ketoprofen

Abstract

There are no therapeutic strategies for the treatment or prevention of islet amyloidosis. The non-
steroid anti-inflammatory drug (NSAID) aspirin and ketoprofen, at clinically relevant doses, have
been proposed to inhibit amyloid formation by IAPP and thus may hold promise for treatment of
islet amyloidosis. These compounds are potentially attractive given the importance of
inflammation in islet amyloidosis and given the fact that there are no anti islet amyloid agents in
the clinic. We show that aspirin, even in 20 fold excess, has no effect on the kinetics of amyloid
formation by IAPP as judged by thioflavin-T binding, right angle light scattering (RALS) and
TEM, nor does it alter the morphology of resulting amyloid fibrils. Aspirin showed no ability to
disaggregate preformed IAPP amyloid fibrils under the conditions of these studies, 25 °C and pH
7.4. Ketoprofen is similarly ineffective at inhibiting IAPP amyloid formation. The compounds do,
however, interfere with CD- and Congo red-based assays of IAPP amyloid formation. This study
highlights the importance of using multiple methods to follow amyloid formation when screening

inhibitors.

NOTE: The material presented in this chapter has been published (Tu, L.H.; Noor, H.; Cao, P;
Raleigh, D. P., Aspirin, diabetes and amyloid: Reexamination of the inhibition of amyloid

formation by Aspirin and Ketoprofen. ACS Chem. Biol. 2014, 9 (7), 1632-1637). This chapter
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contains direct excerpts from the manuscript, which was written by me with suggestions and

revisions from Professor Daniel P. Raleigh.

5.1 Introduction

Analogs of human IAPP which are less aggregation prone than wild-type human IAPP have
been approved as an adjunct to insulin therapy [1], but there is no treatment for islet amyloidosis,
and there are no any approved therapeutic strategies to prevent islet amyloid deposition. The search
for inhibitors of amyloid aggregation and amyloid formation is an active area of research [2-9],
but comparatively few anti IAPP amyloid compounds have been developed and the vast majority
of those are not drug like. Recently, the intriguing possibility that clinically relevant doses of the
non-steroid anti-inflammatory drug (NSAID), aspirin and ketoprofen may inhibit IAPP amyloid
formation and might disaggregate preformed IAPP amyloid fibrils has been raised [10]. This could
open very attractive, inexpensive therapeutic approaches if the compounds were indeed effective
anti-lIAPP amyloid agents, particularly as inflammation is believed to play a role in islet
amyloidosis toxicity and a central role in type-2 diabetes [11-17]. Here we critically examine the
effects of aspirin and ketoprofen on IAPP amyloid formation and the effects of aspirin on
preformed IAPP amyloid fibrils. Aspirin does not inhibit IAPP amyloid formation, even when
added at 20-fold excess, and is unable to disassemble preformed IAPP amyloid. Ketoprofen is
similarly ineffective at inhibiting amyloid formation. The reasons for the discrepancy with prior
reports are examined and it is concluded that they are due to interference of the compounds with
the analytical assays used and with the difficulty in analyzing small changes in CD spectra. The

implications for the testing of amyloid inhibitors are discussed. The present study emphasizes the
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necessity of employing multiple techniques to avoid false positive or false negatives in inhibition

assays.

5.2 Materials and methods

5.2.1 Peptide synthesis and purification

Human IAPP was synthesized on a 0.1 mmol scale using a CEM Liberty microwave peptide
synthesizer utilizing Fmoc chemistry. Solvents used were ACS-grade. The methods have been
described previously [18, 19]. In order to afford a peptide with an amidated C-terminus, Fmoc-
PAL-PEG-PS resin was used and purchased from Life Technologies. Standard Fmoc reaction
cycles were used. Fmoc protected pseudoproline dipeptide derivatives were incorporated at
positions 9-10, 19-20, and 27-28 to facilitate the synthesis. The B-branched residues, Arg, and all
pseudoproline dipeptide derivatives were double coupled. A maximum temperature of 50 °C was
used for the coupling of His and Cys in order to reduce the possibility of racemization. Peptides
were cleaved from the resin by standard TFA methods; ethanedithiol, thioanosole and anisole were
used as scavengers. Crude peptide was partially dissolved in 20% acetic acid (v/v), frozen in liquid
nitrogen, and lyophilized to increase their solubility. The dry peptide was redissolved in 100%
DMSO at room temperature to promote the formation of the disulfide bond [20, 21]. Peptide was
purified by reverse-phase HPLC using a Proto 300 C18 preparative column (10 mm x 250 mm).
A two buffer gradient was used: buffer A consisted of 100% H-O and 0.045% HCI (v/v) and buffer
B included 80% acetonitrile, 20% H.O and 0.045% HCI. HCI was used as the counterion instead
of TFA since residual TFA can influence amyloid formation. MALDI-TOF mass spectrometry

confirmed the correct molecular weight (expected 3903.3 Da, observed 3902.8 Da).
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5.2.2 Sample preparation

Human IAPP was first dissolved in 100% HFIP at a concentration of 1.6 mM and then filtered
to remove any preformed amyloid aggregates. For thioflavin-T fluorescence assays, aliquots were
lyophilized and redissolved in pH 7.4, 20 mM Tris buffer at the desired concentration. Aspirin and

ketoprofen were prepared in 100% DMSO.

5.2.3 Thioflavin-T fluorescence assays

Solutions were prepared by adding pH 7.4, 20 mM Tris buffer and thioflavin-T to lyophilized
dry peptides for a final peptide concentration of 16 uM. For the studies of aspirin and ketoprofen,
0.25% DMSO was present in the solution. Samples were incubated in the 96-well black plate.
Measurements were made at 25 °C using a Beckman Coulter DT X880 plate reader without stirring.
An excitation filter of 430 nm and an emission filter of 485 nm were used. To test the potential
disaggregation activity of aspirin, peptide was first incubated in a low-binding 96-well plate and
monitored using plate reader to ensure the formation of amyloid fibrils. Aspirin was added at 20-

fold excess after amyloid formation.

5.2.4 Right Angle Light Scattering assays (RALS)

Solutions were prepared by adding pH 7.4, 20 mM Tris buffer without thioflavin-T to
lyophilized dry peptides for a final peptide concentration of 16 uM. Samples are incubated in the
low binding microcentrifuge tubes. Experiments were conducted using an Applied
Phototechnology Fluorescence Spectrophotometer. RALS assays used an excitation and emission

wavelength of 500 nm.

5.2.5 Transmission electron microscopy (TEM)
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TEM was performed at the Life Science Microscopy Center at Stony Brook University. Aliquots
were removed from the same solutions that were used for the fluorescence measurements. 5 uL. of
peptide solution was placed on carbon-coated Formvar 300 mesh copper grid for one minute and

then negatively stained by incubation with saturated uranyl acetate for another one minute.

5.2.6 Circular dichroism (CD) experiments

CD experiments were performed using an Applied Photophysics Chirascan circular dichroism
spectrometer. The solutions for the CD experiments were prepared by diluting the filtered stock
peptide solutions into 20 mM Tris buffer at pH 7.4. The final concentration of peptide was 16 uM
in 1 % HFIP. Spectra were recorded from 198 to 260 nm at 1 nm intervals in a quartz cuvette with
0.1 cm path length at 25 °C. Data were averaged from three scans. A background spectrum was

subtracted from the collected data.

5.3 Results and discussion

5.3.1 Aspirin does not inhibit amyloid formation by IAPP

IAPP sequence and the structure of aspirin and ketoprofen are shown in Figure 5-1. We first
examined the effects of aspirin on the kinetics of amyloid formation using fluorescence detected
thioflavin-T binding assays. This is the standard assay in this field. Figure 5-2 displays the results
of kinetic experiments conducted in the presence of aspirin. The expected sigmoidal time course
is observed in the absence of aspirin with a tso, defined as the time required to reach half of the
total signal change in the thioflavin-T assay, of 20 h. Addition of aspirin, up to even a 20-fold
excess, had no detectable effect on the rate of amyloid formation, as judged by the values of tso.
The compound also had no detectable effect on the final thioflavin-T intensity. Thioflavin-T
binding assays are indirect since they rely on the binding of an extrinsic probe, and can sometimes
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give misleading results [22], but they do have the advantage that they report on the kinetics of
IAPP amyloid formation in the absence of conflicting factors. We also used TEM to monitor the
effects of aspirin. Aliquots were removed from each sample at the end of kinetic experiments,
blotted onto TEM grids and imaged. Extensive mats of fibrils were observed in the sample of IAPP

alone and in all of the samples that contained aspirin.

Initial reports of the ability of aspirin to inhibit IAPP amyloid formation did not use thioflavin-
T assays or TEM, but rather used CD and Congo red binding assays. It is possible, although
unlikely, that thioflavin-T could displace aspirin from IAPP and interfere with its effects. This
does not seem plausible since thioflavin-T has no such effect on a wide range of other inhibitors
[23, 24] and does not bind to pre-amyloid intermediates. Nonetheless, we also tested the effects
of aspirin in the absence of thioflavin-T using right angle light scattering (RALS) and TEM.
Similar aggregation curves are observed in the presence and in the absence of a 20-fold excess of
aspirin using RALS (Figure 5-3). TEM of the samples reveals the presence of dense mats of fibrils

in each sample. Note that these samples did not contain thioflavin-T.

5.3.2 Aspirin is not capable of disaggregating preformed IAPP amyloid fibrils

We next examined the ability of aspirin to disaggregate preformed IAPP amyloid fibrils.
Some, but not all inhibitors of amyloid formation have this property. We monitored amyloid
formation using thioflavin-T assays (Figure 5-4) and then added a 20-fold excess of aspirin after
amyloid formation was complete and the reaction had reached the saturation phase. Aliquots were
removed for TEM analysis just before addition of aspirin, immediately afterwards and 48 h later.
Addition of the compound did not perturb the thioflavin-T time course, in contrast, compounds

which disaggregate amyloid fibrils lead to a decay in the thioflavin-T signal as a function of time
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[2]. The TEM images recorded before and after addition of aspirin are very similar and reveal
extensive deposits of amyloid fibrils, confirming that compound does not disaggregate 1APP
amyloid (Figure 5-4B to 4D). In addition, CD spectra recorded before and after the addition of
aspirin have an identical shape, consistent with a high degree of B-structure, although there is a
modest decrease in intensity. Furthermore, no changes in the CD spectra are observed upon further
incubation of up to 12 h (Figure 5-5). The CD studies are fully consistent with thioflavin-T, TEM,

and RALS experiments.

5.3.3 Ketoprofen is not an inhibitor of IAPP amyloid formation

The NSAID ketoprofen has also been proposed to be an inhibitor of IAPP amyloid formation,
again on the basis of Congo red assays and CD spectroscopy. We examined the ability of the
compound to inhibit amyloid formation by human IAPP using TEM to directly test its effect on
amyloid formation (Figure 5-6). TEM analysis revealed the presence of extensive mats of amyloid

fibrils in all samples, showing that the compound is not an IAPP amyloid inhibitor.

5.4 Conclusions

The data presented here show that aspirin and ketoprofen do not inhibit IAPP amyloid formation
under the conditions used, pH 7.4 and 25 °C. Why do the conclusions of this study differ from
previous work? The earlier studies used trifluroethanol (TFE) to promote amyloid formation. TFE
and HFIP stabilize secondary structure of peptides and even modest amount of HFIP or TFE can
accelerate amyloid formation [25]. The use of a non-aqueous solvent to induce amyloid formation
may contribute to the different conclusions, but the methods used also play a role. The previous

study made use of CD and absorbance detected Congo red binding assays. The reported CD spectra
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are different in the presence of high concentrations of aspirin, however, the reported spectrum,
even at the highest concentration of aspirin, is not that of a random coil, and has a shape consistent
with significant 3-sheet intensity. In addition, the absorbance of aspirin and ketoprofen in the range
of 200-250 nm can interfere with CD measurements. We employed different conditions to induce
amyloid formation here and observed no change in the shape of the CD spectrum upon the addition
of aspirin to preformed amyloid fibrils. Congo red binding was also used to test for the presence
of amyloid in the original studies. Congo red staining is a classic method to probe amyloid
formation, particularly for ex-vivo amyloid deposits and usually involves monitoring birefringence,
but the absorbance-based assays are also employed. In either case, the dye is an extrinsic probe
and it has been shown that it is not amyloid specific [26]. In the case of absorbance assays, addition
of compounds can interfere by contributing background absorbance or by interfering with the
binding of the dye. These considerations and the data presented here highlight the importance of
using multiple probes to study amyloid inhibition, particularly methods such as TEM, which

directly detect amyloid fibrils.
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5.5 Figures
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Figure 5-1: Primary sequence of human IAPP and the structure of aspirin and ketoprofen. IAPP

contains a disulfide bridge between residues 2 and 7, and the C-terminus is amidated.
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Figure 5-2: Aspirin does not inhibit amyloid formation by human IAPP. (A) Thioflavin-T
fluorescence assays of the time course of amyloid formation in the absence (black) and in the
presence (red) of a 20-fold excess of aspirin. (B) TEM image of the sample of IAPP without aspirin
recorded at the end of the kinetic experiment. (C) TEM image of the sample of IAPP with a 20-
fold excess of aspirin recorded at the end of the kinetic experiment. Scale bars represent 100 nm.
Experiments were conducted at pH 7.4 and 25 °C in 20 mM Tris buffer, 0.25% DMSO (v/v) in the

absence of any fluorinated alcohol co-solvent. The concentration of IAPP was 16 uM and the

concentration of aspirin was 320 uM.
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Figure 5-3: Aspirin does not inhibit amyloid formation by human IAPP. (A) RALS assays of the
time course of amyloid formation in the absence (black) and in the presence (red) of a 20-fold
excess of aspirin. No thioflavin-T was added to either sample (B) TEM image of the sample of
IAPP without aspirin recorded at the end of the kinetic experiment. (C) TEM image of the sample
of IAPP with 20-fold excess aspirin recorded at the end of the kinetic experiment. Scale bars
represent 100 nm. Experiments were conducted at pH 7.4 and 25 °C in 20 mM Tris buffer, 0.25%
DMSO (v/v) in the absence of any fluorinated alcohol co-solvent. The concentration of IAPP was

16 uM and the concentration of aspirin was 320 uM.
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Figure 5-4: Aspirin does not disaggregate preformed human IAPP amyloid fibrils. (A) Thioflavin-
T fluorescence assays of the time course of amyloid formation. A 20-fold excess of aspirin was
added at the time point indicated by the red arrow. (B) TEM image of the sample just before the
addition of a 20-fold excess aspirin, black star (C) TEM image of the sample just after the addition
of a 20-fold excess aspirin, green star (D) TEM image of the sample 48 h after the addition of a
20-fold excess aspirin, blue star. Scale bars represent 100 nm. Experiments were conducted at pH
7.4 and 25 °C in 20 mM Tris buffer, 0.25% DMSO (v/v) in the absence of any fluorinated alcohol

co-solvent. The concentration of IAPP was 16 uM and the concentration of aspirin was 320 puM.
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Figure 5-5: CD spectra were recorded for preformed amyloid fibrils before the addition of aspirin
(Black). Red; spectrum was recorded immediately after the addition of aspirin. Blue; spectrum was
recorded 1 h after the addition of aspirin. Yellow; spectrum was recorded 12 h after the addition
of aspirin. The concentration of IAPP in monomeric units was 16 uM. Aspirin when added was at

final concentration of 100 uM. Experiments were conducted at 25 °C, pH 7.4 Tris buffer and 1%

HFIP.
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Figure 5-6: Ketoprofen does not inhibit amyloid formation by human IAPP. TEM images of
samples recorded after incubating IAPP with varying amount of ketoprofen for 42 h. Scale bars
represent 100 nm. (A) IAPP alone. (B) Mixture of IAPP with a 20-fold excess of ketoprofen. (C)
Mixture of IAPP with a 10-fold excess of ketoprofen. (D) Mixture of IAPP with a 5-fold excess
of ketoprofen. (E) Mixture of IAPP with a 2-fold excess of ketoprofen. (F) Mixture of IAPP with
an equimolar amount of ketoprofen. Experiments were conducted at pH 7.4 and 25 °C in 20 mM
Tris buffer, 0.25% DMSO (v/v) in the absence of any fluorinated alcohol co-solvent. The

concentration of IAPP was 16 uM.
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Chapter 6. Mutational analysis of the ability of resveratrol to inhibit amyloid formation by
islet amyloid polypeptide: Critical evaluation of the importance of aromatic inhibitor and

histidine inhibitor interactions

Abstract

Small molecules that block protein amyloid fibril formation or direct the process into non-
toxic pathways hold promise for development as therapeutics. There are no clinically approved
inhibitors of islet amyloidosis and the mode of action of existing in vitro inhibitors is not well
understood. Resveratrol, a natural polyphenol, has been shown to inhibit amyloid formation by
IAPP and by Alzheimer’s disease AB peptide. The mechanism of action of this compound on
IAPP is still known. In this study, we use a series of IAPP variants to examine the possible
interactions between resveratrol and IAPP. These include His-18 mutants, truncation mutants,
and mutations of each of the aromatic residues. Resveratrol exhibits different effects toward
these variants. Mutation of His to Gln or Leu reduces the ability of resveratrol to inhibit amyloid
formation by IAPP as does mutation of Phe-15 and Tyr-37 to Leu, as does elimination of Lys-
and the N-terminal amino group. In contrast, replacement of Phe-23 with Leu has a significantly
smaller effect. The data highlights Phe-15, His-18 and Tyr-37 as potential sites for IAPP
resveratrol interactions and is consistent with a potential role of the N-terminus. Transmission
electron microscopy demonstrates that resveratrol, unlike certain other compounds, does not

effectively disaggregate IAPP fibrils, but does interfere with thioflavin-T assays.
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6.1 Introduction

Polyphenols, a class of organic compounds with aromatic phenolic rings, have drawn
particular attention in the inhibition of amyloid formation, including the inhibition of IAPP
amyloid. For example, EGCG, the most abundant catechin in green tea, inhibits amyloid
formation by AP, a-synuclein, IAPP and other polypeptide [1-7]. EGCG can also remodel IAPP
amyloid fibrils [3, 5, 7]. This compound is believed to divert amyloidogenic peptides into off
pathway aggregates that are not capable of further assembly to form amyloid. Resveratrol, a
polyphenol present in red wine, has received considerable attention in the content of
neurodegenerative diseases due to its anti-neuroinflammatory activity and because of its ability
to inhibit amyloid formation by AP (Figure 1) [8-11]. By using the conformation-specific A1l
and OC antibodies, resveratrol was found to be capable of selectively remolding soluble A
oligomers and amyloid fibrils into non-toxic insoluble disordered aggregates [11]. Proton NMR
has been used to detect the direct binding of resveratrol to AP [12]. Work mainly done by Winter
and co-workers has demonstrated that resveratrol can inhibit IAPP amyloid formation, even in
the presence of anionic lipid bilayers which are known to drastically accelerate IAPP fibrillation
[13, 14]. However, to date, little is known about the interaction of resveratrol with IAPP, indeed

little is known about the mechanism of any anti-IAPP amyloid agent.

Recent NMR studies that made use of a non-physiological analogue of IAPP that lacks the
normal amidated C-terminus have led to the proposal that His-18 and Lys-1 are involved in the
binding of resveratrol [15]. The NMR spectra revealed that resonances from the side chain of
His-18 exhibited the largest changes during a resveratrol titration and His-18 was proposed to be

critical for resveratrol binding. Chemical shift changes for Lys-1 were also detected, suggesting
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that this residue could be a second binding site for resveratrol. However, the C-terminus of IAPP
has a major effect on amyloid formation and variants with a free C-terminus behave differently
that the physiological form of IAPP [16]. Thus it is not clear that studies of variants with a free
terminus direct translate to the natural form of IAPP. Other work has highlighted the possible
role of interactions between aromatic side chains and amyloid inhibitors, but this has not been
examined for the case of IAPP and resveratrol. In this study, we examine the interaction of
resveratrol with a series of IAPP variants and we critically examine the ability of resveratrol to

remodel preformed amyloid fibrils.

6.2 Materials and methods

6.2.1 Peptide synthesis and purification.

Peptides were synthesized on a 0.1 or 0.25 mmol scale using standard Fmoc chemistry on a
CEM Liberty microwave peptide synthesizer. Fmoc-PAL-PEG-PS resin was used in order to
incorporate an amidated C-terminus. Acetic anhydride was used to generate an acetylated N-
terminus for the truncated 8-37 IAPP fragment. Fmoc protected pseudoproline dipeptide
derivatives were incorporated at positions 9-10, 19-20, and 27-28 to facilitate the synthesis [17].
B-branched residues, Arg, and all pseudoproline dipeptide derivatives were double coupled. A
maximum temperature of 50 °C was used for the coupling of His and Cys in order to reduce the
possibility of racemization [18]. Peptides were cleaved from the resin by standard TFA methods.
Crude peptides were partially dissolved in 20% acetic acid (v/v) and lyophilized. The dry peptide
was redissolved in pure DMSO at room temperature in order to promote the formation of the

disulfide bond [19]. Analytic HPLC was used to ensure the completion of oxidation. Peptides

142



were purified by reverse-phase HPLC using a Vydac or Proto 300 C18 preparative column (10
mm X 250 mm). A two buffer gradient system was used: buffer A consisted of 100% H.O and
0.045% HCI (v/v) and buffer B consisted of 80% acetonitrile, 20% H.O and 0.045% HCI. HCI
was used as the counter ion because residual TFA can influence amyloid formation. HPLC
method (20%B-60%B in 40 min, flow rate 10 mL/min) was applied. Peptides were collected
from HPLC around 30 min after injection. Analytical HPLC was used to check the purity of
peptides before use. MALDI-TOF mass spectrometry confirmed the correct molecular weight.
hIAPP, expected 3903.3, observed 3902.8; H18Q-hIAPP, expected 3894.3, observed 3894.4;
H18L-hIAPP, expected 3879.3, observed 3879.3; F15L-1APP, expected 3871.3, observed 3872.0;
F23L-1APP, expected 3871.3, observed 3871.3; Y37L-1APP, expected 3855.4, observed 3853.8;

Ac 8-37 IAPP, expected 3225.5, observed 3225.1.

6.2.2 Sample preparation.

Peptides were first dissolved in 100% HFIP at a concentration of 1.6 mM and filtered to
remove preformed aggregates. For kinetic studies, 8 pL aliquots were lyophilized and
redissolved in 800 uL of pH 7.4, 20 mM Tris buffer with 1% DSMO. Resveratrol stock solutions

were freshly prepared in pure DMSO.

6.2.3 Thioflavin-T fluorescence assays.

Lyophilized peptides were dissolved in pH 7.4, 20 mM Tris buffer solution containing
thioflavin-T and resveratrol for a final peptide concentration of 16 uM. 1% DMSO was present
in all solutions. Measurements were made at 25 °C using a Beckman Coulter DTX880 plate

reader without stirring. An excitation wavelength of 430 nm and emission wavelength of 485 nm
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was used. For amyloid fibril remolding studies, preformed fibrils were produced in advance.

Thioflavin-T fluorescence was continuously monitored after the addition of resveratrol.

6.2.4 Transmission electron microscopy (TEM).

TEM was performed at the Life Science Microscopy Center at Stony Brook University.
Aliquots removed from the fluorescence experiments were used for TEM analysis. 5 uL of
peptide solution was placed on a carbon-coated Formvar 300 mesh copper grid for one minute

and then negatively stained with saturated uranyl acetate for another minute.

6.3 Results and discussion

The primary sequence of IAPP and the IAPP variants studied here are shown in Figure 6-1.
The His-18 to Gln mutant (H18Q-IAPP) and the His-18 to Leu mutant (H18L-IAPP) allow us to
test the role of His-18 as potential binding site for resveratrol. A Gln substitution was chosen
because GlIn has roughly the same volume as His and similar hydrophobicity as a neutral His
residue, while the Leu represents a more hydrophobic substitution. We used an IAPP fragment,
residues 8-37 with an acetylated N-terminus (denoted Ac 8-37 IAPP), to test the importance of
potential interactions with the positively charged Lys side chain and N-terminal amino group.
Interactions between phenolic compounds and aromatic residues in amyloidogenic proteins have
been suggested to be important for inhibitory effects [20, 21]. Thus, we prepared three aromatic
to Leu point mutants including F15L-IAPP, F23L-IAPP and Y37L-IAPP to test the importance

of aromatic drug interactions.
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The rate of amyloid formation was monitored using thioflavin-T fluorescence binding assays.
Thioflavin-T is a small dye that binds to the surface of amyloid fibrils [22]. The fluorescence
quantum yield of the dye increases upon binding. Previous studies have shown that thioflavin-T
can be used to monitor the kinetics of IAPP amyloid formation without altering the rate of
aggregation under our conditions [23]. However, the use of this dye can sometimes be
problematic for inhibition studies, since some inhibitors might inhibit thioflavin-T binding or
quench the thioflavin T fluorescence and thus bias the detection of amyloid fibrils [24, 25].
Resveratrol, the inhibitor tested in our studies, has no significant absorption within the range of
thioflavin-T fluorescence, but this does not mean that it will not interfere with thioflavin-T
assays. One earlier study has shown that resveratrol reduces thioflavin-T fluorescence when it is
added to preformed AP fibrils, but does not affect the thioflavin-T intensity of
carboxymethylated «-casein fibrils, suggesting that resveratrol might displace the bound
thioflavin-T from A fibrils [24]. However, it is not known whether resveratrol interferes with
the binding of thioflavin-T to IAPP amyloid fibrils. Thus, complementary TEM studies were
preformed to ensure that the results were not biased by interference between thioflavin-T and

resveratrol.

6.3.1 Resveratrol prolongs the lag phase of IAPP amyloid formation

We found that resveratrol inhibits wild-type IAPP amyloid formation in a dose-dependent
manner (Figure 6-2). 1:1 and 1:2 mixtures of wild-type IAPP with resveratrol exhibit a lag phase
that is similar to that of wild-type IAPP in the absence of the inhibitor. However, the final
thioflavin-T fluorescence intensity is greatly reduced by around 30% and 60% respectively. The

lag phase is increased by a factor of 1.5 relative to the control for a 1:5 mixture of wild-type
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IAPP and resveratrol, and the final fluorescence intensity of the 1:5 mixture is only 30% of that
of the wild-type control. This is a very modest effect compared to EGCG, which essentially
abolishes amyloid formation by IAPP at a 1:1 ratio. When the resveratrol concentration is
increased to a 10-fold or a 20-fold excess, there is no detectable fluorescence intensity. The
change in fluorescence intensity may be due to the formation of fewer fibrils, or interference of
resveratrol with the thioflavin-T fluorescence or due to effects of resveratrol on thioflavin-T
binding. TEM images recorded after 50 h of incubation show that only few short and thin fibrils
are present at high ratios of resveratrol. In contrast, extensively fibrils are observed at this time
point at this time point when resveratrol is absent. Large amounts of IAPP fibrils are present in
the 1:10 and 1:20 samples after 126 h of incubation even though there is no increase in
thioflavin-T signal. The data conclusively shows that resveratrol interferes with thioflavin-T
assays of IAPP amyloid formation. However, the TEM results also confirm that resveratrol

inhibits IAPP amyloid formation under the conditions examined here.

6.3.2 His-18 is important for resveratrol IAPP interaction

We next investigated the effects of resveratrol on amyloid formation by two His-18 IAPP
variants, H18Q-1APP and H18L-1APP. The effects are noticeably less than observed with wild-
type IAPP. 1:1 and 1:2 mixture of H18Q-IAPP and resveratrol have similar lag times and display
the same final fluorescence intensities as observed for H18Q-1APP alone (Figure 6-3A). The lag
phase of the 1:5 H18Q-1APP and resveratrol mixture is slightly longer relative to the H18Q-
IAPP control, and the final intensity is only around 30% lower than H18Q-IAPP alone. Addition
of either 10 or 20-fold excess compound also had less effect on H18Q-IAPP or H18L-IAPP than
it did on wild-type IAPP. A 10-fold excess of resveratrol increased the lag phase of H18Q-1APP
by only a factor of 1.8 and dense mats of amyloid fibrils were observed in TEM images (Figure
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6-3D). Although the final thioflavin-T intensity of H18Q-lIAPP in the presence of a 20-fold
excess of resveratrol is greatly decreased, the kinetic curve is still sigmoidal with a lag phase
only 2.4-fold longer than that observed for H18Q-IAPP alone. TEM images confirmed the
presence of amyloid fibrils in these samples (Figure 6-3E). These results show that mutation of

His-18 significantly affects the ability of the compound to inhibit IAPP amyloid formation.

Resveratrol is even less effective at inhibiting amyloid formation by H18L-1APP. The mutant
form amyloid more rapidly that wild type. The curves quickly reach a plateau for all conditions
tested (Figure 6-3B). TEM images recorded for the 1:20 H18L-1APP and resveratrol mixture
revealed large amounts of amyloid fibrils (Figure 6-3G). Figure 6-4 displays a plot of the
normalized tso (tso in the presence of compound/ tsp without compound) values to facilitate
comparison of the effects of resveratrol on the two variants and wild-type IAPP. One caveat with
the H18L-1APP studies is that amyloid formation is much faster for this mutant than for wild
type and this might indicate a change in the mechanism. If this were the cause then the
compound might still bind, but not impact the kinetics of assembly because it does not target a
new rate limiting step. The mechanism of IAPP amyloid formation is not known and it is
presently impossible to offer an atomic level description of consequence of the H18Lmutant,
never-the-less, the H18L-1APP is consistent with the proposed role of His-18 in resveratrol IAPP

interactions.

6.3.3 The three aromatic residues in IAPP make different contributions to interactions with

resveratrol

Wild-type IAPP contains three aromatic residues at position 15, 23 and 37. Aromatic

interactions have been proposed to be important in amyloid formation and IAPP drug
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interactions [21]. Aromatic-aromatic interactions are not required for IAPP amyloid formation
although their removal does slow the process [26, 27], but it is not known whether aromatic drug
interactions are important for resveratrol binding. The effects caused by single aromatic to Leu
mutations on IAPP amyloid formation have been previously examined in the absence of inhibitor.
All three single aromatic to Leu mutants formed amyloid fibrils and the mutations do not alter
the fibril morphology [27]. We used the F15L, F23L and Y 37L point mutants to test the potential

role of aromatic drug interactions in the inhibition of IAPP amyloid formation by resveratrol.

Thioflavin-T fluorescence monitored kinetic curves were recorded for all three of the aromatic
to Leu mutants in the absence and in the presence of different amounts of resveratrol, and are
displayed in Figure 6-5. The inhibitory effects of resveratrol on F15L-1APP amyloid formation
are similar to that observed in wild-type IAPP for the lower ratios of resveratrol. The lag phase
slightly increased for the 1:5 mixture of F15L-1APP and resveratrol compared to the F15L-1APP
control. Only a few non-fibrillar aggregates were observed from wild-type IAPP with a 20-fold
excess of resveratrol at 42 h and at 50 h. In contrast amyloid fibrils, albeit ones that were shorter
and thinner, were found in the 1:20 mixture of F15L-1APP and resveratrol (Figure 6-6). This
indicates that the Phe-15 mutant affects IAPP resveratrol interactions and shows that Phe-15
plays a role in the interaction of resveratrol with IAPP. Resveratrol effectively inhibited F23L-
IAPP amyloid formation in a dose-dependent manner. The final intensity of thioflavin-T
fluorescence was drastically reduced and the lag phase of F23L-1APP increased when a 5-fold
excess of resveratrol was present. TEM images recorded for a 1:20 mixture of F23L-1APP and
resveratrol at 96 h show that no detectable fibrils were formed at that time point showing that
resveratrol retards F23L-IAPP amyloid formation. This indicates that mutation of Phe-23 does

not block the ability of resveratrol to inhibit amyloid formation by IAPP. By contrast, resveratrol
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had no obvious inhibitory effect on Y37L-IAPP amyloid formation. Although the final
fluorescence intensity of the Y37L-1APP kinetic experiments gradually decreased upon addition
of more resveratrol, the tso for each condition compared to the Y37L-1APP control were similar
(Figure 6-7). TEM images show that large amounts of Y37L-IAPP fibrils were found even at
high ratio of resveratrol as soon as 96 h. The data argues that Tyr-37 is important for resveratrol

IAPP interactions.

6.3.4 Resveratrol does not inhibit amyloid formation by Ac 8-37- IAPP

Previous NMR studies suggested that Lys-1 was a second binding site for resveratrol [15]. We
next examined the role of the N-terminal amino group and the Lys side chain in IAPP resveratrol
interactions using a truncated acetylated IAPP variant, Ac 8-37-1APP. The same approaches
were used to test this fragment. Interestingly, resveratrol was not an inhibitor of amyloid
formation by Ac 8-37-1APP. Ac 8-37-1APP quickly form amyloid fibrils even with high ratios of
resveratrol present (Figure 6-8). It is hard to make conclusions based on this peptide since its lag
phase is so short. The results may indicate that the N-terminal region of IAPP is important for
resveratrol binding or it may be that this peptide forms amyloid fibrils aggressively, which
affects resveratrol binding. Consider a simple hypothetical case; suppose there was a first fast
step in the lag phase and then a slower step. Suppose resveratrol only impedes the slow step. Let
us further imagine that the truncation eliminates the slow step. In this case, we would see no
significant effect of resveratrol even if it still binds to IAPP. Thus the data is consistent with the

proposed role of the N-terminus, but it can not definitively address that point.

Figure 6-9 summaries the TEM data collected for the various samples in the presence of a 20-

fold excess of resveratrol at different time points. We collected additional TEM images of all
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samples at times which corresponding to 2X tso and 3X tso, where tso is the value of tso for each
individual peptide in the absence of inhibitor. These correspond to wild-type I1APP tso= 16.5 h;
H18Q-1APP tso=12.5 h; H18L-1APP tso= 1.25 h; F15L-1APP tso= 20.5 h; F23L-1APP tso= 37.5 h;
Y37L-1APP tso= 60.5 h; Ac 8-37-1APP tso=4.25 h. The TEM data is included in Figure 6-10 for
completeness. The data confirms that mutation of Phe-15 or Tyr-37 or His-18 has a significant

effect on the ability of resveratrol to inhibit IAPP amyloid formation.

6.3.5 Resveratrol does not effectively remodel IAPP fibrils

There are conflicting reports on the ability of polyphenols to remodel amyloid fibrils.
Resveratrol has been shown to remodel amyloid fibrils formed by AB [11]. However, the ability
of resveratrol to remodel amyloid fibrils formed by IAPP has not been reported. Figure 6-11
displays the result of remodeling studies. Resveratrol was added when amyloid formation
reached a plateau (black arrow), and TEM images were recorded before and directly after the
addition of resveratrol (Figure 6-11B and 6-11C) as well as after 3 days and 6 days incubation.
The thioflavin-T intensity initially drops after addition of resveratrol suggesting that resveratrol
might interfere with thioflavin-T binding. After 3 days incubation, the thioflavin T intensity does
not return to baseline. However, TEM images recorded at all time points show that numerous
amyloid fibrils were present and only a small change in morphology was detected. The TEM
data conclusively shows that resveratrol does not significantly remodel IAPP amyloid fibrils. In

contrast, TEM studies have shown that EGCG effectively remodels IAPP fibrils [5].

6.4 Conclusions
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The data presented here is consistent with previous studies that concluded that resveratrol can
inhibit human IAPP amyloid formation in a dose-dependent manner. Resveratrol is a modest
inhibitor of IAPP amyloid formation and is clearly less effective than EGCG. Resveratrol was
less effective at inhibiting amyloid formation by some of the IAPP variants. Mutations of His-18,
Phe-15, Tyr-37 and the positively charged N-terminus lead to a weaker interaction with
resveratrol, or may change the aggregation pathway such that resveratrol can not target the
peptide. Our data also highlights the difficulty of using fluorescence-based thioflavin-T assays in
inhibition studies. Even though small molecules do not absorb at the same wavelength as
thioflavin-T fluorescence, they might alter the binding of thioflavin-T on amyloid fibrils,
resveratrol is a case in part. The use of electron microscopy is highly recommended to

complement thioflavin-T data in inhibition studies.

Our data is consistent with previous NMR studies with a non-physiological variant of IAPP
which suggested that resveratrol interacts with IAPP via binding to His-18 [15]. The work
presented here also reveals the importance of Phe-15 and Tyr-37 in IAPP resveratrol interactions.
The observed importance of Phe-15 and Tyr-37 consistent with the hypothesis that aromatic
residues are a possible site for inhibitor protein interactions. This observation is not general since

EGCG effectively inhibited variants of IAPP that lacked aromatic residues.

Seeking better inhibitors based on the structure of resveratrol would be of interest for future
studies. In fact, the anti-inflammatory activity of resveratrol has received considerable attention
in neurodegenerative disease and this activity seems to strongly depend on the structure features
of resveratrol [28, 29]. Although it is not known what structural feature of resveratrol are
important for its anti-amyloidogenic properties, other resveratrol analogues might be potentially

active in inhibiting amyloid formation. Another important function that other IAPP inhibitors,
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such as EGCG and Morin hydrate, have is the ability to remodel amyloid fibrils [5, 30]. Our
TEM studies clearly demonstrated that resveratrol does not disaggregate fibrils, even though it
induces a decrease in thioflavin-T fluorescence. These observation stress the importance of
relying on more than just thioflavin-T assays in inhibitor studies. In summary, we have shown
that resveratrol can retard IAPP amyloid formation, but does not completely abolish fibril
formation under the conditions used here. The study highlights the role of His-18, Phe-15, and

Tyr-37, but indicates that Phe-23 is not important for peptide drug interactions.
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6.5 Figures

wild-type [APP:

N e 10 20 30 37
KCNTATCAT QRLANFLVHS SNNFGAILSS TNVGSNTY—CONH:

H18Q-IAPP:

N —— 10 20 30 37
KCNTATCAT QRLANFLVQS SNNFGAILSS TNVGSNTY—CONH:

H18L-IAPP:
N 10 20 30 37
KCNTATCAT QRLANFLVLS SNNFGAILSS TNVGSNTY—-CONH:

FI5L-IAPP:
W 10 20 30 37
KCNTATCAT QRLANLLVHS SNNFGAILSS TNVGSNTY-—CONH:

F23L-1APP:
10 30 37

Y 20
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N — 10 20 30 37
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Ac 8-37-1APP:
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HO
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Figure 6-1: The primary sequence of IAPP and the IAPP variants studied here. The residues that
differ from wild-type IAPP are highlighted in red. Except for Ac 8-37-1APP, wild-type IAPP and
IAPP variants all contain a disulfide bond between Cys-2 and Cys-7. All peptides contain an

amidated C-terminus. The structure of resveratrol is shown at the bottom.
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Figure 6-2: Resveratrol inhibits amyloid formation by wild-type IAPP. (A) Thioflavin-T
fluorescence monitored kinetic experiments for wild-type IAPP, black; wild-type IAPP and
resveratrol at a 1:1 ratio, yellow; at a 1:2 ratio, green; at a 1:5 ratio, pink; at a 1:10 ratio, red; at a
1:20 ratio, blue. The red and blue curve overlap. The insert shows an expansion of data from 0 h
to 50 hr. (B) TEM image of wild-type IAPP. A sample was collected for TEM at 50 h (black
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arrow). (C) TEM image of wild-type IAPP with resveratrol at a 1:10 ratio. A sample was
collected for TEM at 50 h. (D) TEM image of wild-type IAPP with resveratrol at a 1:20 ratio. A
sample was collected for TEM at 42 h. (E) TEM image of wild-type IAPP with resveratrol at a
1:20 ratio. A sample was collected for TEM at 50 h. (F) TEM image of wild-type IAPP with
resveratrol at a 1:20 ratio. A sample was collected for TEM at 66 h. (G) TEM image of wild-type
IAPP with resveratrol at a 1:20 ratio. A sample was collected for TEM at 96 h. (H) TEM image
of wild-type IAPP with resveratrol at a 1:20 ratio. A sample was collected for TEM at 126 h.
Samples contained 16 uM IAPP in pH 7.4, 20 mM Tris buffer with 1% DMSO. Scale bars

represent 100 nm.
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Figure 6-3: Resveratrol is not an effective inhibitor of amyloid formation by H18Q-IAPP and
H18L-IAPP (A) Thioflavin-T monitored kinetic experiments for H18Q-1APP, black; H18Q-
IAPP and resveratrol at a 1:1 ratio, yellow; at a 1:2 ratio, green; at a 1:5 ratio, pink; at a 1:10
ratio, red; at a 1:20 ratio, blue. (B) Thioflavin-T monitored kinetic experiments for H18L-1APP,
black; H18L-1APP and resveratrol at a 1:1 ratio, yellow; at a 1:2 ratio, green; at a 1:5 ratio, pink;
at a 1:10 ratio, red; at a 1:20 ratio, blue. (C) TEM image for H18Q-IAPP. (D) TEM image for the
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1:10 mixture of H18Q-1APP and resveratrol. (E) TEM image for the 1:20 mixture of H18Q-
IAPP and resveratrol. Samples were collected for TEM at 48 h for H18Q-1APP with and without
resveratrol. (F) TEM image for H18L-1APP. (G) TEM image for the 1:20 mixture of H18L-1APP
and resveratrol. Samples were collected for TEM at the 22 h for H18L-1APP with and without
resveratrol. (H) An expansion of the data for H18L-1APP with resveratrol at the 1:10 and 1:20
ratios. Samples contained 16 uM IAPP in pH 7.4, 20 mM Tris buffer with 1% DMSO. Scale bars

represent 100 nm.
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Figure 6-4: Comparison of the effect of different amounts of resveratrol on the tso value for
amyloid formation by wild-type IAPP (black), H18Q-IAPP (red), and H18L-IAPP (blue). ND
indicates could not be determined because of lack of any fluorescence signal. The error bars
represent propagation of uncertainty which is generated from 2 to 3 independent studies. The Y

axis is (tso with resveratrol)/ (tso no resveratrol).
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Figure 6-5: The three aromatic residues in IAPP interact differently with resveratrol. Thioflavin-
T fluorescence monitored Kinetic experiments for (A) F15L-IAPP, (B) F23L-IAPP and (C)
Y37L-1APP in the presence of resveratrol. Experiments were conducted at 25 °C, pH 7.4, 20 mM
Tris-buffer, 16 uM mutants and 1% DMSO without stirring. In each figure, Black curve
represents peptide alone; yellow, peptide with resveratrol at a 1:1 ratio; green, peptide with
resveratrol at a 1:2 ratio; pink, peptide with resveratrol at a 1:5 ratio; red, peptide with resveratrol

at a 1:10 ratio; blue, peptide with resveratrol at a 1:20 ratio; Red and blue curves overlap in (A)
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F23L-IAPP

Y37L-IAPP

Figure 6-6: TEM images of amyloid fibrils formed by aromatic to Leu mutants and of fibrils
formed in the presence of resveratrol. (A) TEM image of F15L-1APP fibrils. (B) TEM image of
F15L-1APP fibrils with a 5-fold excess resveratrol. (C) TEM image of F15L-1APP fibrils with a
20-fold excess resveratrol. For figure A-C, the F15L-IAPP samples were removed from
thioflavin-T kinetic experiments at 42 h. (D) TEM image of F23L-I1APP fibrils. (E) TEM image
of F23L-1APP fibrils with a 5-fold excess resveratrol. (F) TEM image of F23L-1APP fibrils with
a 20-fold excess resveratrol. For figure D-F, the F23L-IAPP samples were removed from
thioflavin-T kinetic experiments at 96 h. (G) TEM image of F23L-1APP fibrils with a 20-fold
excess resveratrol, but samples were removed from thioflavin-T Kinetics experiments at 142 h.
(H) TEM image of Y37L-IAPP fibrils. (I) TEM image of Y37L-1APP fibrils with a 5-fold excess
resveratrol (J) TEM image of Y37L-1APP fibrils with a 20-fold excess resveratrol. For figure H-J,
the Y37L-1APP samples were removed from thioflavin-T kinetic experiments at 96 h. Scale bars

represent 100 nm.
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Figure 6-7: Comparison of the effect of different amounts of resveratrol on the tso value for
amyloid formation by wild-type IAPP (black), F15L-1APP (red), F23L-1APP (blue), and Y37L-
IAPP (green). ND indicates could not be determined because of lack of any fluorescence signal.
The error bars represent propagation of the uncertainty, generated from 2 to 3 independent
studies. The Y axis is (tso with resveratrol)/ (tso no resveratrol)
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Figure 6-8: Resveratrol is not an inhibitor of amyloid formation by Ac 8-37-1APP. (A)
Thioflavin-T fluorescence monitored Kinetic experiments for Ac 8-37-1APP, black; Ac 8-37-
IAPP and resveratrol at a 1:1 ratio, yellow; at a 1:2 ratio, green; at a 1:5 ratio, pink; at a 1:10
ratio, red; at a 1:20 ratio, blue. (B) An expansion of the data for Ac 8-37-1APP with resveratrol at
the 1:5, 1:10 and 1:20 ratios. (C) TEM image for Ac 8-37-1APP. (D) TEM image for the 1:5
mixture of Ac 8-37-1APP and resveratrol. (E) TEM image for the 1:20 mixture of Ac 8-37-1APP

and resveratrol. All Ac 8-37-1APP samples were collected for TEM at 22 h. Samples contained
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16 uM variant in pH 7.4, 20 mM Tris buffer with 1% DMSO. Scale bars represent 200 nm.
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Figure 6-9: Summary of time dependent TEM dada. A — means no image recorded. All TEM
samples were collected from thioflavin-T kinetic experiments. Samples contained 16 uM peptide
and 320 uM resveratrol in pH 7.4, 20 mM Tris buffer with 1% DMSO. Scale bars represent 100
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Figure 6-10: Summary of TEM data collected for each peptide in the presence of resveratrol.
Images were collected at 2X and 3X the tso value of the respective samples in the absence of
inhibitor. Samples contained 16 uM peptide and 320 uM resveratrol in pH 7.4, 20 mM Tris
buffer with 1% DMSO. Scale bars represent 100 nm.
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Figure 6-11: Resveratrol does not effectively remodel amyloid fibrils formed by wild-type 1APP.
(A) Thioflavin-T monitored time course. Amyloid formation was allowed to proceed for 48 h
and then resveratrol was added (black arrow). (B) TEM image recorded before adding resveratrol
(black star). (C) TEM image recorded immediately after adding resveratrol (green star). (D)
TEM image recorded after 3 days incubation (red star). (E) TEM image recorded after 6 days
incubation (blue star). Experiments were conducted at 25 °C, 20 mM Tris buffer, 32 uM
thioflavin-T and 16 uM IAPP. Resveratrol was added to a final concentration of 160 uM.

Samples contained 1% DMSO after the addition of resveratrol.
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