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Abstract of the Dissertation
Biophysical Insights into Amyloid Formation by Islet Amyloid Polypeptide
by
Peter James Marek
Doctor of Philosophy
in
Chemistry
Stony Brook University
2012

Amyloid deposition has been implicated to play a role in the pathology of over 40 human
diseases including Alzheimer’s, Parkinson’s, type 2 diabetes and systemic amyloidosis, to name
a few. All amyloid fibrils are characterized by a cross β-pleated sheet structure with interstrand
hydrogen bonds running parallel to the long axis of the fibril. Islet amyloid polypeptide (IAPP)
is a 37-residue peptide hormone that is the major proteinaceous component of pancreatic islet
amyloid deposition that develops during type 2 diabetes. These deposits have been shown to
play a role in the decrease of islet mass and β-cell apoptosis, which are typical pathologies
developed during type 2 diabetes. The aggregation process of how IAPP goes from an
unstructured monomer to an ordered peptide aggregate with significant β-sheet secondary
structure is highly complex and involves a number of transient species that are highly dynamic
and metastable.

This research provides insights into the biophysical mechanisms and

environmental components that can enhance amyloid assembly by IAPP using chemical,
biophysical and kinetic methods.
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My work included the development of a new method to synthesize IAPP via microwave
solid-phase peptide synthesis; the examination of the role of aromatic amino acids in IAPP via a
triple mutant in which the three aromatic amino acids were substituted with leucines; probing the
nature lag phase species populated during amyloid formation via the unnatural fluorescent amino
acid, p-cyanophenylalanine; and the study of the effects of ionic strength and ion composition on
amyloid formation by IAPP. These studies aim to provide a better understanding of the intrinsic
factors inherent to IAPP, as well as extrinsic environmental factors, that can decrease the
stability of monomeric IAPP and induce amyloid formation.
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Chapter 1. Introduction

Amyloid fibrils are insoluble fibrous protein aggregates that share a common secondary
structural motif. Interest in these aggregates stems from their role in various humans diseases as
and because they represent an alternative structural state for numerous proteins and peptides.
Amyloid formation has been implicated in the pathology of over 40 human diseases including
Alzheimer’s, Parkinson’s, Huntington’s, type 2 diabetes and systemic amyloidosis, to name a
few (1). It has also recently become clear that amyloid can play a beneficial structural or
functional role in normal biology. A quantitative understanding of the biophysical and structural
characteristics during the transition from soluble protein monomers to fibrils is needed to obtain
insight into the kinetics of this process. This introduction summarizes the current understanding
of the biological, biochemical and biophysical properties that trigger amyloid formation,
primarily focusing on islet amyloid polypeptide (IAPP), a peptide responsible for islet amyloid
deposition in the pancreas during type 2 diabetes.

1.1 General features of amyloid
1.1.1 Structure
Amyloid fibrils are unbranched, 5-15 nm in diameter, vary in length, are resistant to
proteolysis and most can bind histological dyes such as Congo Red and thioflavin-T (2, 3). An
abundance of evidence exists that links either the fibrils themselves, or more importantly,
precursor protein oligomers with clinically relevant roles in the pathogenesis of numerous human
diseases (4-10). A large number of proteins and peptides can form amyloid despite differences
1
	
  

	
  

in amino acid sequence and native secondary structure (Table 1.1) (1). Amyloid deposition can
result from the aggregation of both natively unstructured or globularly folded proteins and
peptides. Regardless of the vast differences in native state conformation, upon fibril formation
all fibrils generate similar x-ray diffraction patterns, fourier transform infrared (FT-IR) spectra
and circular dichroism (CD) spectra, and electron and atomic microscopy images, with very
slight differences. All amyloid fibrils are characterized by a cross β-pleated sheet structure with
interstrand hydrogen bonds running parallel to the long axis of the fibril (Figure 1.1) (2). These
fibrils often consist of multiple thin fibrils, or protofibrils, that intertwine around one another in a
helical fashion, giving a twisted ultrastructural appearance with regular periodicity (11, 12).
Despite these global similarities amongst different amyloid-forming proteins, at the microscopic
level fibrils can contain a number of detailed structural differences (13). These differences can
be detected via seeding reactions, to be explained in the next section, and structural studies,
although inhomogeneous structures formed by fibrils from the same amyloid-forming protein
can complicate experiments (13-16).
Utilizing recent advances in high-resolution techniques such as x-ray crystallography,
solid-state nuclear magnetic resonance (ssNMR), 2D-IR and cryoelectron microscopy, highly
detailed perspectives of several amyloid structures at the microscopic level have been realized
(13, 17-19). What has emerged is that all amyloid fibrils contain a β-sheet core that drives its
stability, as originally hypothesized. However, the manner with which the sheets coalesce into a
tertiary and quaternary fold can be quite different at the microscopic level (13). Two major
structures have been found to form in amyloid fibrils: the β-sandwich and the β-solenoid (Figure
1.1) (13). In the β-sandwich, two β-sheets on the same molecule come face-to-face separated by
an unstructured loop region. β-strands align and form a pleated β-sheet structure down the axis
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of the fibril. In this scenario, a single polypeptide forms a single layer or rung of the fibril.
Fibrils from the peptides that form amyloid in Alzheimer’s disease, Aβ, and type 2 diabetes,
IAPP, are both modeled to form these types of structures as derived from ssNMR data (20, 21).
Fibrils that adopt a β-solenoid fold contain a polypeptide that can form multiple layers or rungs
along the length of the fibril. Solenoids can form either a β-helix, where three β-strands from a
single polypeptide forms a triangular layer and loops back to form an additional layer; or a β-roll,
where two β-strands come together similar to a β-sandwich, but an individual polypeptide forms
multiple layers of the β-sheet (Figure 1.1). These structures are formed by the HET-s prion
protein and a number of other prion proteins (22, 23).
Within each of the supramolecular assemblies described above, the β-sheets can assemble
into two distinct conformations: parallel or anti-parallel (Figure 1.1). Parallel β-sheets can
further be categorized into either in-register or out-of-register sheets. In-register sheets contain
individual strands that are aligned with one another such that identical residues on separate
strands are in register with one another along the entire length of the sheet. A majority of
amyloid fibrils consist of parallel, in-register β-sheets, allowing a templating mechanism for
fibril self-polymerization (13, 24).
The ability of a given polypeptide to form amyloid is highly dependent on its amino acid
sequence. Proteins rich in hydrophobic, non-charged amino acids with a high propensity for βsheet formation tend to have a greater propensity to form amyloid (25, 26). Replacing amino
acids in amyloidogenic proteins with proline residues often hinders or completely inhibits
amyloid formation, as proline is known to be a β-sheet breaking residue (27, 28). Most, if not all
proteins found in nature, contain stretches of hydrophobic, non-polar amino acids that form the
hydrophobic core of a folded protein. There have been a large number of reports on the
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formation of amyloid by non-disease related proteins, leading to the conclusion that the ability to
form amyloid is a generic property of polypeptide chains (29-31).

1.1.2 Kinetics of fibril assembly
The exact mechanism of amyloid formation at the microscopic level is extremely
complex, not entirely understood and garners much attention in the literature. Experimental
evidence suggests that polypeptides form amyloid fibrils in a nucleation-dependent event. For
intrinsically disordered peptides, the limiting step is the formation of a seed or nucleus that
templates further aggregation (32-34). For natively folded globular proteins, a partial unfolding
of the native state or the trapping of an unstable intermediate with lifetimes sufficient to allow
for interprotein interactions to occur precedes nucleation of fibril formation (35, 36). This step
requires a mutation to the amino acid sequence or a change or fluctuation in the pH, temperature,
pressure, solvent or ionic strength in order for the protein to populate a non-native, aggregationprone state.
As noted earlier, amyloid fibrils can bind histological dyes such as Congo red and
thioflavin-T (37, 38). Thioflavin-T is widely used as an in vitro fluorescent probe of amyloid
formation. Thioflavin-T is a benzothiazole salt and assays utilizing this molecule typically yield
a sigmoidal curve (Figure 1.2). In solution, the twist between the benzothiazole and aniline
segments of the molecule oscillates rapidly leading to non-radiative decay and a low
fluorescence quantum yield (39, 40). Thus, during the lag phase in the presence of monomers or
small un-ordered oligomers, thioflavin-T gives a very low fluorescence signal. However, upon
fibril formation thioflavin-T binds to the growing fibrils, binding to grooves on the surface of the
fibrils generated by aligned side chains, locking the benzothiazole and aniline segments of
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thioflavin-T in place and generating a fluorescence signal (41, 42). A crystal structure of
thioflavin-T bound to an Aβ amyloid protofibril is shown in Figure 1.2 (41). The thioflavin-T
fluorescence eventually reaches a plateau at which fibrils and monomers are in equilibrium.
The molecular details of the events that occur during the lag phase prior to fibril
formation are largely unknown, however, the species that populate the aggregation pathway
during this period are most likely highly dynamic and metastable (Figure 1.3) (1). Once the
critical amyloid seed or nucleation-event forms, fibril formation is essentially a downhill event
along the free energy landscape. Intrinsically disordered peptides such as IAPP and Aβ sample
α-helical conformations and form soluble oligomers with large conformational fluctuations en
route to fibril formation (43-45). The oligomers are largely believed to be the cytotoxic entity,
which will be described in the next section. The lag phase can be bypassed by adding seeds or
pre-formed fibrils of the same protein (Figure 1.2). The seed acts as a template for addition at
monomers. Seeding is usually, but not always, specific in the sense that fibrils are best at
seeding amyloid formation by the same protein. Cross-seeding reactions, where fibrils formed
by one protein are used to seed the reaction of a separate amyloidogenic protein, can be used to
infer structural similarities among different fibrils as well as a protein’s ability to form amyloid
or different amyloid structures. For example, IAPP fibrils cannot cross-seed Aβ1-40 fibrillization,
however, Aβ1-40 fibrils can seed IAPP fibrillization (14).
The primary nucleation event, involving the formation of a seed or nucleus that induces
fibril growth, is followed by secondary nucleation events. Secondary nucleation generates new
fibril ends that are produced mostly via fragmentation of the growing fibrils (32). Recent models
of fibril formation and growth have implicated secondary nucleation as the major determinant of
the kinetics of amyloid formation (32, 46, 47). The growth phase of fibril formation consists of
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the addition of monomers to the fibril ends. Water is expelled upon binding of monomers
creating a dry interface between the added monomer and fibril end (48, 49). Entropy gained
from released water molecules and favorable interpeptide hydrogen bonds compensate for the
loss of entropy of the newly bound monomer (49, 50).

1.1.3 Proposed mechanisms of toxicity, role in disease and inhibition
Cell toxicity via amyloid deposition was initially linked to the fibril form of the
aggregated protein (51-53). For some amyloid diseases, such as systemic amyloidosis, this may
be the case as the amyloid fibrils disrupt tissue structure and organ function (54, 55). For many
amyloid diseases however, studies have emerged which suggest that transient, metastable low
molecular weight, soluble oligomers are the defining feature of toxicity. It should also be noted
that the presence of amyloid in the pathology of a disease does not necessarily denote causation.
As discussed earlier, the kinetics of amyloid formation are highly complex, involving many
species along the aggregation pathway. This makes it extremely difficult to determine at what
step and which entity of the amyloid formation pathway is toxic. It is possible that the toxic
entity differs from protein to protein and disease to disease. It has also been realized that not all
amyloids are toxic. Amyloid fibrils perform a structural function in bacterial biofilms, are
thought to play a role in the storage of peptide hormones, and aid in melanin formation (56-58).
Controlled growth and the type of amyloid formed may account for the lack of toxicity displayed
in these scenarios (59, 60).
It is apparent that the majority of effects observed in amyloid-related diseases result from
a protein’s gain-of-toxic-function (61). Various mechanisms have been proposed to explain a
general toxic effect for the soluble toxic oligomers (62). These include membrane disruption via
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formation of pores, impairment of lysosomal or proteasomal protein degradation, induction of
endoplasmic reticulum (ER) stress and Golgi fragmentation (63-66). Amyloid toxicity can also
result from a loss of function associated with protein aggregation, in which functionally
important proteins, such as anti-apoptotic proteins, are sequestered and mislocalized into
growing aggregates (67).
There is an abundance of pharmaceutical interest in amyloid formation owing to its
association with a number of diseases. Many approaches have focused on the inhibition of fibril
formation via small molecule and peptide inhibitors to inhibit cytotoxicity. Small molecules and
peptides have been targeted to combat and decrease the rate of fibril growth, to degrade preformed fibrils and oligomers, drive aggregating proteins into non-amyloid amorphous aggregates
or stabilize the soluble form of the protein (68, 69). A number of these approaches have
decreased cytotoxicity in cell and animal models, but as of yet few have made it to clinical trial
and been approved for use in humans (70-72). A recent interesting approach, based on the
theory that fibrils are not the toxic entity, was to search for small molecules that induce amyloid
formation by Aβ (73). This decreases the amount of time an aggregating protein spends as a
toxic oligomer or bypasses this phase altogether. One such small molecule, a derivative of
orcein, decreased the concentration of oligomers and suppressed inhibition of long-term
potentiation by Aβ oligomers in hippocampal brain slices.

1.2 Islet Amyloid Polypeptide (IAPP)
1.2.1 Biosynthesis and function in vivo
The majority of IAPP biosynthesis in humans occurs in the islet β-cells of the pancreas.
There is also evidence for production of IAPP in the dorsal root ganglia, the gastrointestinal tract
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and the developing kidney (74-76). IAPP is a 37-residue polypeptide hormone co-localized, coprocessed and secreted with insulin in the islet β-cells of the pancreas. IAPP is secreted at a ratio
of approximately 1:100 (IAPP:insulin) with insulin from the secretory granules of the β-cells,
where its storage concentration is in the millimolar range (77, 78). It is thought that the low pH
and the crystalline storage form of insulin in the secretory granule are what prevent fibril
formation at such high concentrations (79, 80). The concentration of IAPP circulating in the
blood stream under fasting conditions is approximately 15 nM (77). IAPP belongs to the
calcitonin peptide family based on sequence and structure homology (81). As a hormone, along
with insulin, it is a part of the glucoregulatory cascade and is important for maintaining glucose
homeostasis inhibiting the appearance of nutrient, especially glucose, in the plasma. IAPP slows
the appearance of exogenous glucose via the reduction of gastric emptying and inhibition of
digestive secretion (82, 83).
IAPP is first transcribed on the ribosome as an 89-residue prohormone precursor where it
is transported to the lumen of the rough endoplasmic reticulum (84, 85). Here, a 22-residue Nterminal leader sequence is cleaved generating the 67-residue prohormone, proIAPP. proIAPP is
packaged into a secretory granule with proinsulin where both proIAPP and proinsulin are
processed by the same proprotein convertases PC2 and PC1/3 prior to sercretion (85). PC2
processes the N-terminal cleavage site between Arg-11 and Lys-12 and PC1/3 cleaves between
Arg-51 and Asn-52 at the C-terminus (Figure 1.4). In the absence of PC1/3, it has been shown
that PC2 can process the C-terminal cleavage site as well, albeit not as effectively (86).
Improperly processed IAPP has been detected in vivo and results in an increase in the levels of
amyloid fibrils (87-89). This has led to the hypothesis that improper processing could lead to
fibril formation in vivo, which will be discussed in further detail in the next section (90). Lys-50
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and Arg-51 are cleaved from the C-terminus of the peptide by carboxypeptidases E (CPE) (91).
The C-terminal glycine that results from this cleavage is catalytically truncated between the αcarbon and amine via the enzyme peptidylglycine alpha-amidating monooxygenase (PAM),
yielding an amidated C-terminus (92). IAPP also contains a disulfide bond between cysteine
residues at positions 2 and 7. The sequences and cleavage schematic of prepro-, pro- and mature
IAPP are outlined in Figure 1.4.

1.2.2 IAPP and type 2 diabetes
Amyloid deposits were first discovered in the islets of the pancreas at the beginning of
the 20th century; however, it was not until 1987 that IAPP was discovered to be the principle
proteinaceous component of the aggregates (93, 94). Amyloid deposits have not been found in
all individuals suffering from diabetes, varying from as much as 100% of individuals in one
study to as little as 40% in another (95-98). Furthermore, the deposits are also observed in
nondiabetic individuals, but effect fewer islets and occurs to a lesser extent (99-101). IAPP has
been conserved through evolution and has been characterized in mammals, birds and teleostean
fish (Figure 1.5) (102-106). While islet amyloid deposition has been documented in a number of
mammal species, including domesticated cats and primates, but it does not appear in animals
most commonly used for diabetes research such as mice and rats, as well as a number of other
species (107). While the majority of the IAPP sequence is conserved across species, there is
some variation, most notably in the 20-29 region (Figure 1.5). Five out of the six differences
between the human and rat peptide are found in this region, most notably three proline residues
that are found in the rat peptide, but not human. Proline residues are notorious for preventing βsheet formation and are the primary reason why rat IAPP cannot form amyloid. It was long
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thought that the 20-29 region of IAPP, which forms amyloid on its own, is necessary for fibril
formation and forms the amyloid core (108, 109). However, proline mutations outside of the 2029 region also disrupt amyloid formation and other fragments of IAPP can form amyloid that do
not include the 20-29 region (110, 111). There is one known mutation in the IAPP gene
associated with an increased risk to develop in type 2 diabetes, IAPP S20G (112, 113). This
mutation has only been found in Asian population, and in vitro the mutated peptide has an
increased propensity to form amyloid in comparison to wild type IAPP (112).
While it is difficult to study the effect of islet amyloidosis on type 2 diabetes in humans, a
number of studies have done so in domestic cats, primates and mice transgenic for human IAPP
(114-118). As stated above, IAPP mice and rats do not form amyloid, and these species also do
not develop type 2 diabetes. However, rats transgenic for human IAPP have developed type 2
diabetes when fed a diet high in fat (119-123). In addition, inhibition of proIAPP expression by
small interfering RNA and treatment with an inhibitor of IAPP amyloid formation enhanced βcell survival in cultured islets (124). These works have revealed the importance of islet amyloid
on the diabetic state. While it has yet to be determined whether islet amyloid deposition is the
cause or the consequence of the β-cell dysfunction and hyperglycemia observed in type 2
diabetes, it has been shown that islet amyloid plays a causative role in the reduction of islet
volume via β-cell apoptosis and decline in β-cell mass (125-128). The reduction in β-cell mass is
not a reliable explanation for the insufficient insulin response in type 2 diabetes, but some
evidence indicates that remaining islets may no longer be functional due to amyloid or oligomer
deposition (129).
The bulk of islet amyloid appears to occur extracellularly, however, intracellular deposits
have also been noted in a number of studies with transgenic mice, diabetic baboons and human
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islets transplanted into nude mice (Figure 1.6) (90, 130-132). Peripheral insulin resistance is a
hallmark pathology of type 2 diabetes leading to an increased demand for insulin release.
Increased insulin biosynthesis is paralleled by an increase in IAPP synthesis (87, 133, 134). In
the early phases of type 2 diabetes, elevated levels of proinsulin and improperly processed
intermediates have been detected, suggesting a malfunction of the proprotein convertases PC2
and PC1/3, which as noted earlier aid in the maturation of proIAPP (87). Using immune electron
microscopy with antibodies specific for proIAPP, amyloid deposits consisting of proIAPP were
detected intracellularly (90, 135). In vitro, proIAPP has been shown to be highly amyloidogenic,
although not as much as mature IAPP (136, 137). Improperly processed IAPP containing the Nterminal pro-extension, proIAPP1-48, has been shown to bind heparan sulfate proteoglycan
(HSPG), a glycosaminoglycan present in the basement membrane of cells (138, 139). HSPG can
nucleate fibril formation of proIAPP1-48 by binding the peptide at the N-terminus and creating a
high local concentration of peptide, thus acting like a seed (137). It has been hypothesized that
improperly processed proIAPP forms amyloid intracellularly, inducing cell death, leading to an
extracellular amyloid seed that can nucleate mature IAPP fibrils extracellularly (90).
IAPP is also reported to play a role in the failure of pancreatic islet transplants as a
treatment for type 1 diabetes (140, 141). Transplantation of islets from nondiabetic donors into
diabetic subjects has been a promising, yet complicated treatment to achieve complete glucose
control and independence of extraneous insulin. Clinical trials involving islet transplantation
carried out in the 1980’s and 1990’s were a failure in that only 10% of the diabetic subjects were
able to maintain normoglycemia without insulin therapy over the course of two years (142, 143).
While initially nearly all of the subjects achieved insulin-independence, it was concluded that
there was a progressive loss of islet function over time and this correlated with appearance of
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IAPP islet amyloid formation (141, 144). Transplanted murine islets transgenic for human IAPP
also display a deposition of amyloid in the transplanted islets and fail to achieve normoglycemia
(145). Xenotransplantation of islets using pigs or other animals has been an attractive alternative
given the lack of islet donors. Porcine islets have been shown to maintain long-term function
and restoration of normoglycemia following transplantation into nonhuman primates (146, 147).
The porcine form of IAPP does not readily form amyloid and amyloid deposition limits the
viability of human transplanted islet grafts, but not porcine grafts (148).

1.2.3 Toxicity
The cytotoxicity of IAPP to adult human and rat islet cells in vitro was first noted in
1994; however, it was thought that fibrils were the cytotoxic entity (51, 149). Follow-up studies,
which added extraneous amyloid fibrils to islet cells in culture, showed that apoptosis was not
induced and the cells were viable, yet they were decorated with amyloid (150).

Freshly

prepared, monomeric solutions of IAPP added to cell cultures can reproducibly induce apoptosis
(150). It has since become generally accepted that small soluble, oligomeric IAPP aggregates
are the toxic entity, although these oligomers have yet to be directly detected in vivo (5, 151,
152). Oligomer-binding antibodies have been raised for IAPP and have been shown not to bind
to IAPP-derived monomers or fibrils (153, 154). Recent reports of non-specific binding of the
antibodies to anti-aggregation heat shock proteins and α-synuclein amyloid fibrils limit the
interpretation of the original studies (155, 156).
The islets of Langerhans constitute only 1-2% of pancreatic tissue mass, yet many
essential hormones for glucose homeostasis are secreted directly into the blood stream from cells
located in the islets, including glucagon, insulin, IAPP, somatostatin, ghrelin and the pancreatic
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polypeptide (157). Islets consist of α-, β-, ε-, δ- and PP-cells, with the insulin- and IAPPproducing β-cells constituting 65-80% of the islet cell mass, as measured from rat pancreas (158,
159).

A number of theories have been postulated for the role of IAPP in β-cell death and the

decrease in islet mass during type 2 diabetes including disruption of the cytoarchitecture of the
islets, inducing endoplasmic reticulum stress via the unfolded protein response, cellular
membrane disruption, mitochondrial membrane disruption, disturbance in the maturation of
autophagolysosomes and activation of the inflammasome (119, 160-164).
A number of in vitro studies have suggested that prefibrillar, soluble oligomers form
nonselective, ion channel-like pores and induce membrane disruption (4, 7, 165). Amyloid
proteins have been shown to induce ionic conductance in both artificial and cell plasma
membranes (166, 167). This mechanism has been proposed to be a universal property of most
amyloidogenic proteins, and the size of the pore-forming oligomeric species differs from system
to system (9). The interpretation of experiments performed with artificial membranes can be
complicated as the charge and composition of the lipids used can highly influence the results
(168). There are many reports of IAPP inducing leakage in artificial membranes; however, rat
IAPP, which does not form amyloid, has been reported to induce leakage as well, albeit at higher
concentrations (169-172). The complexity of the kinetics and the rate at which IAPP forms
amyloid has made it difficult to determine an exact mechanism of membrane leakage and the
size or structure of membrane-disruptng oligomers.

It is generally accepted that IAPP-

membrane interactions are mediated by α-helical conformations in the N-terminal 23 residues
(Figure 1.7) (173). The literature disagrees on how IAPP perturbs lipid bilayers. One scenario
suggests fibril growth occurs on the membrane, mediated by a high local concentration of
exposed highly amyloidogenic C-termini, and this leads to invagination and perforation of the
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lipid bilayer (Figure 1.7) (173). Other scenarios suggest the formation of toroidal pores or
nonspecific membrane disruption due to excessive negative curvature strain (9, 165).
It has been documented that the addition of human IAPP to immortalized β-cells or rat
islets induces multiple apoptotic pathways, including caspase-8, JNK, p38 kinase and Fasassociated signaling pathways (174-177). Recently it was also shown that human IAPP, but not
nonamyloidogenic rat IAPP, induces production of interleukin-1β (IL-1β) and activation of the
inflammasome, a multimeric protein complex responsible for activation of inflammatory
processes (163). IL-1β, which has been well documented to play a role in type 1 diabetes and is
a risk factor for type 2 diabetes, has a profound effect on the function of pancreatic beta cells and
has been shown to play a major role in the induction of apoptosis (178-180).

1.2.4 Amyloid formation by IAPP
As mentioned earlier, IAPP contains a disulfide bond between Cys-2 and Cys-7, and an
amidated C-terminus. IAPP is a natively unfolded polypeptide and adopts a fluctuating coil
configuration with very low levels of secondary structure in aqueous buffer based on circular
dichroism and NMR spectra. IAPP samples transient α-helical conformations involving residues
in the 9-22 region, which is thought to play a role in vivo for the binding to receptor complexes
(181). As noted earlier, the helical conformation also plays a role in membrane binding and is
most likely an on-pathway intermediate for amyloid formation in solution. Rat IAPP also
samples helical conformations in the N-terminal part of the peptide, but the transformation to
amyloid is impeded by the presence of prolines in the C-terminal portion of the peptide (181). A
number of mutations have been made throughout the IAPP gene as part of biophysical studies.
Many point mutants have been realized that can render the peptide incapable of forming amyloid
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formation and a few even enhance the amyloidogenic properties of IAPP.

These studies

combined have shown that the size, β-sheet propensity, hydrophobicity and charge of individual
amino acid side chains are very important factors of amyloid formation by IAPP. Based on a
number of studies on amyloidogenic peptides and their subsequent fragments, it was
hypothesized that π-π interactions between aromatic interactions were absolutely critical for
amyloid formation by serving as functional and structural elements that direct molecular
recognition and self-assembly (182, 183). One of my research projects tested this hypothesis via
the characterization of a triple leucine mutant of IAPP (IAPP-3XL), in which each aromatic
amino acid was replaced by a leucine (184). This work and the results are described in more
detail in Chapter 3.
The detection of lag phase species during amyloid formation by IAPP is very difficult.
IAPP is one of the most amyloidogenic naturally occurring proteins and as such, high-resolution
spectroscopic techniques such as solution-state NMR lack the time resolution necessary to obtain
meaningful information prior to fibril formation. As proteins aggregate, the line-widths of NMR
peaks begin to broaden and eventually are lost. Other biophysical methods, such as light
scattering and analytical centrifugation, which can deduce the size of oligomers, are also
hindered by time constraints. Methods using fluorescence, other than thioflavin-T assays, have
given some clue as to interactions between individual residues and their environments during the
fibril formation process.

Evidence for a collapsed monomer state was shown via triplet

quenching between a C-terminal tryptophan mutant and disulfide bond contacts (185).
Anisotropic fluorescence measurements of the C-terminal tyrosine indicate that upon fibril
formation the residue is packed in a well-defined environment in a frozen-like, rigid state (186).
My research utilized the non-canonical fluorescent amino acid, p-cyanophenylalanine (FC≡N), to
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use as a site-specific probe of amyloid formation (187, 188).

Each aromatic residue was

separately replaced by FC≡N and I showed that the substitutions do not perturb amyloid formation
relative to wild type IAPP. The fluorescence can be monitored in real-time and provides
information about the nature of lag phase species and fibril structure. This work and the results
are described in more detail in Chapter 4.
The kinetics of IAPP amyloid formation in vitro are dependent on a number of external
forces including pH, temperature, pressure, ionic strength and co-solvents. The environment of
the secretory granule in which IAPP is stored, is such that the peptide should readily form
amyloid. The concentration of IAPP is high, in the millimolar range, and the granule contains
high concentrations of Zn2+ (20 mM), which is primarily associated with insulin, Ca2+ (120 mM),
Mg2+ (70 mM), HPO42- (70 mM) and adenine nucleotides (10 mM) (189). It is thought that
IAPP fibril formation is inhibited by the low pH of the granules (pH 5.5) and interaction with
insulin, a known inhibitor of IAPP fibril formation (190). A number of changes occur to the pH
and components of the secretory granules concomitantly with the development of type 2 diabetes
and β-cell dysfunction (191, 192). Previous studies have determined that amyloid formation by
IAPP is drastically reduced at low pH, demonstrating the importance on the total ionization state
of IAPP on amyloid formation (86, 190). Specifically, His-18 and the N-terminus are the only
titratable groups in IAPP over the pH range from 5.5 to 8.0, where there is a drastic change in the
kinetics (193). Part of my research examined the effects of screening out these charges with
anions at both low and high pH. The results indicate that the effects of anions on fibril formation
are not only due to Debye-Hückel effects of electrostatic screening, but also involve
electroselectivity and Hofmeister effects and their relative importance varies at different ionic
strengths. This work and the results are described in more detail in Chapter 5.
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As discussed earlier, data from CD, solid-state NMR, 2D-IR and x-ray diffraction
confirm that amyloid fibrils consist of cross β-strands that run perpendicular to and forms
hydrogen bonds along the axis of the fibrils. There have been a number of models derived for
the fibril state of IAPP including a model that proposed IAPP folds into an “e” conformation,
with a mixture of parallel and anti-parallel β-sheets; a model in which IAPP adopts an “s” shaped
or β-serpentine fold; and a model in which the nearly the entire length of the peptide from
residues 12-37 form parallel hydrogen bonded β-strands (84, 194, 195). The most popular and
plausible model, based on subsequent structural studies, has been proposed from the laboratory
of Rob Tycko based on data from solid-state NMR data (Figure 1.8) (20). In this model IAPP
forms in-register, parallel β-sheets with two β-strands per molecule. Residues 8-17 form one βstrand and residues 28-37 form the other, separated by a chain-reversing bend comprising
residues 18-27.

The N-terminus remains unstructured due to constraints imposed by the

disulfide bond.
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1.3 Figures
	
  

	
  
	
  
Figure 1.1: Ribbon diagrams of the cross-β structures formed by (a) parallel β-sheets, (b) antiparallel β-sheets and (c) β-helices. These so-called protofibrillar structures coalesce and wrap
around one another to form a mature fibril (d) with a periodic twisted pitch. Adapted from
reference (13).
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Figure 1.2: (a) Model of thioflavin-T binding to Aβ1-42 amyloid fibrils, based on x-ray
crystallography data and theoretical calculations. Thioflavin-T, structure at top, is a benzothiaole
salt. Its fluorescence is dependent upon the amount of twist between the benzothiazole and
aniline segments of the molecule. Thioflavin-T binds to grooves on the surface of growing fibrils
generated by aligned side chains, locking the benzothiazole and aniline segments in place and
generating a fluorescence signal. Figure adapted from reference (41). (b) Unseeded thioflavin-T
amyloid assays (blue) yield a typical sigmoidal curve: a lag phase where monomers and
oligomers are prevalent, a growth phase upon nucleation where monomeric protein is being
added to the fibril ends and a plateau phase where fibrils and monomers are in equilibrium.
Thioflavin-T assays may be seeded (red) by adding fibrils formed from previous assays to bypass
the lag phase.
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PreproIAPP
MGIKLQVFLIVLSVALNHLKA TPIESHQVEKR KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY GKRNAVEVLKREPLNYLPL

PC 1/3

PC 2
ProIAPP

TPIESHQVEKR KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY GKR NAVEVLKREPLNYLPL

CPE/PAM

Mature IAPP

O
KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-C-NH2
Figure 1.4: Processing of prepro-IAPP to mature IAPP within the β-cells of the pancreas. The
22-residue N-terminal leader sequence (red) of prepro-IAPP is cleaved after transport to the
rough endoplasmic reticulum. ProIAPP (blue flanking regions) is packaged into secretory
vesicles and is matured by PC2 at the N-terminus and PC1/3 at the C-terminus. CPE and PAM
further process proIAPP into the mature form (black) with a resulting amidated C-terminus and
disulfide bond between Cys-2 and Cys-7.
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Figure 1.6: Human pancreatic islets and β-cells with IAPP amyloid deposition. (A) Pancreatic
islet stained with Congo red displaying extracellular amyloid deposits. Scale bar is 50 µm. (B)
Electron micrograph of a portion of a β-cell focusing on the granules. Small intragranular fibrils
in the halo region are immunolabeled with proIAPP specific antibodies (red arrows). Adapted
from reference (196).
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Figure 1.7: Structural and mechanistic models of IAPP-membrane interactions based on electron
paramagnetic resonance spectroscopy. Top, residues 9-20 of IAPP are shown in an α-helical
conformation interacting with the lipid bilayer. The dashed lines represent the N- and C-termini
that were not detected to interact with the membrane. Phosphates are depicted as gold spheres.
Bottom, model for membrane-bound amyloid formation by IAPP. Interaction of the helical
portion of the protein drives the normally unstructured peptide to interact with the lipid bilayer.
The C-terminal portion of the peptide that does not interact with the membrane is predicted to
interact and initiate amyloid formation. Figure adapted from reference (173).
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Figure 1.8: Structural models for IAPP protofibrils derived from solid-state NMR data. (A) A
short segment of a cross β-sheet protofibril. The black arrow indicates the fibril axis. The
unstructured N-terminal region comprising residues 1-7 is colored yellow. Residues 8-17 form
the N-terminal β-strands (red) and residues 28-37 form the C-terminal β-strands (blue). (B)
Ribbon representation of single peptide chains from two interacting protofibrils, as viewed down
the axis of the fibril. (C) and (D) All-atom representations of two probable models depicting
side chain contacts derived from (B). The differences between the two models are the different
sets of side chain contacts between the β-sheet layers of the two protofibrils. Hydrophobic
residues are shown in green, polar residues in magenta, positively charged residues in blue and
the cysteine residues in yellow. Model D is less likely to form amyloid because it buries the
charged Arg in a hydrophobic environment. Adapted from reference (20).
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1.4 Tables

ARI

Table 1

8 May 2006

20:57

Human diseases associated with formation of extracellular amyloid deposits or intracellular inclusions with

amyloid-like characteristics
Disease

Annu. Rev. Biochem. 2006.75:333-366. Downloaded from arjournals.annualreviews.org
by CENTRO INVESTIGACIONES BIOLOGICAS on 02/13/07. For personal use only.

Neurodegenerative diseases
Alzheimer’s diseasec
Spongiform encephalopathiesc,e
Parkinson’s diseasec
Dementia with Lewy bodiesc
Frontotemporal dementia with
Parkinsonismc
Amyotrophic lateral sclerosisc
Huntington’s diseased
Spinocerebellar ataxiasd
Spinocerebellar ataxia

17d

Spinal and bulbar muscular atrophyd

Hereditary
dentatorubral-pallidoluysian atrophyd
Familial British dementiad
Familial Danish dementiad
Nonneuropathic systemic amyloidoses
AL amyloidosisc
AA

amyloidosisc

Familial Mediterranean

feverc

amyloidosisc

Senile systemic
Familial amyloidotic polyneuropathyd
Hemodialysis-related amyloidosisc
ApoAI amyloidosisd
ApoAII amyloidosisd

ANRV277-BI75-14

ARI

8 Mayc 2006

ApoAIV amyloidosis

20:57

Finnish hereditary amyloidosisd
amyloidosisd

Lysozyme
Fibrinogen amyloidosisd
Table 1 (Continued )
Icelandic hereditary cerebral amyloid
angiopathyd Disease

Annu. Rev. Biochem. 2006.75:333-366. Downloaded from arjournals.annualreviews.org
by CENTRO INVESTIGACIONES BIOLOGICAS on 02/13/07. For personal use only.

Nonneuropathic localized diseases
Type II diabetesc

Medullary carcinoma of the thyroidc
Atrial amyloidosisc
Hereditary cerebral haemorrhage with
amyloidosisd
Pituitary prolactinoma
Injection-localized amyloidosisc
Aortic medial amyloidosisc
Hereditary lattice corneal dystrophyd

Corneal amylodosis associated with
trichiasisc
Cataractc
Calcifying epithelial odontogenic
tumorsc
Pulmonary alveolar proteinosisd
Inclusion-body myositisc
Cutaneous lichen amyloidosisc
a

Aggregating protein or

Number of

Native structure of protein or

peptide

residuesa

peptideb

Amyloid β peptide
Prion protein or
fragments thereof
α-Synuclein
α-Synuclein
Tau

40 or 42f
253
140
140
352–441f

Natively unfolded
Natively unfolded (residues 1–120)
and α-helical (residues 121–230)
Natively unfolded
Natively unfolded
Natively unfolded

Superoxide dismutase 1
Huntingtin with polyQ
expansion
Ataxins with polyQ
expansion
TATA box-binding
protein with polyQ
expansion
Androgen receptor with
polyQ expansion

153
3144g

All-β, Ig like
Largely natively unfolded

816g,h

All-β, AXH domain (residues
562–694); the rest are unknown
α+β, TBP like (residues 159–339);
unknown (residues 1–158)

Atrophin-1 with polyQ
expansion
ABri
ADan

1185g

All-α, nuclear receptor
ligand-binding domain (residues
669–919); the rest are unknown
Unknown

23
23

Natively unfolded
Natively unfolded

Immunoglobulin light
chains or fragments
Fragments of serum
amyloid A protein
Fragments of serum
amyloid A protein
Wild-type transthyretin
Mutants of transthyretin
β2-microglobulin
N-terminal fragments of
apolipoprotein AI
N-terminal fragment of
apolipoprotein AII
N-terminal fragment of
apolipoprotein AIV
Fragments of gelsolin
mutants
Mutants of lysozyme
Variants of fibrinogen
α-chain
Mutant
of cystatin
C or
Aggregating
protein
peptide

∼90f

All-β, Ig like

76–104f

All-α, unknown fold

76–104f

All-α, unknown fold

127
127
99
80–93f

All-β, prealbumin like
All-β, prealbumin like
All-β, Ig like
Natively unfolded

98i

Unknown

∼70

Unknown

71

Natively unfolded

130
27–81f

α+β, lysozyme fold
Unknown

120
Number of
residuesa

α+β,
cystatin
like of protein or
Native
structure
peptideb
(Continued )

339g

919g

Amylin, also called islet
37
Natively unfolded
amyloid polypeptide
www.annualreviews.org • Proteins, Amyloid, and Disease
337
(IAPP)
Calcitonin
32
Natively unfolded
Atrial natriuretic factor
28
Natively unfolded
Mutants of amyloid β
40 or 42f
Natively unfolded
peptide
Prolactin
199
All-α, 4-helical cytokines
Insulin
21 + 30j
All-α, insulin like
Medin
50k
Unknown
Mainly C-terminal
50–200f
Unknown
fragments of
kerato-epithelin
Lactoferrin
692
α+β, periplasmic-binding protein
like II
γ-Crystallins
Variable
All-β, γ-crystallin like
Unknown
∼46
Unknown
Lung surfactant protein C
Amyloid β peptide
Keratins

35
40 or 42f
Variable

Unknown
Natively unfolded
Unknown

Data refer to the number of residues of the processed polypeptide chains that deposit into aggregates, not of the precursor proteins.

According to Structural Classification Of Proteins (SCOP), these are the structural class and fold of the native states of the processed peptides or
Table 1.1: List
amyloid-associated
human diseases and their respective amyloidogenic
proteinsof
that deposit
into aggregates prior to aggregation.
Predominantly sporadic, although in some cases hereditary forms associated with specific mutations are well documented.
proteins. Adapted
from
reference
(1).
The
number of residues and native structure of each
Predominantly hereditary, although in some cases sporadic forms are documented.
Five percent of the cases are transmitted (e.g., iatrogenic).
protein is also listed,
toand the
mature,
fibril
forming
protein not precursors.
Fragments of which
various lengths refer
are generated
have been
reported to be present
in ex vivo
fibrils.

	
  

b

c

d
e
f

g

Lengths shown refer to the normal sequences with nonpathogenic traits of polyQ.
Length shown is for ataxin-1.
The pathogenic mutation converts the stop codon into a Gly codon, extending the 77-residue protein by 21 additional residues.
j
Human insulin consists of two chains (A and B, with 21 and 30 residues, respectively) covalently linked by disulfide bridges.
k
Medin is the 245–294 fragment of human lactadherin.
h
i
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cross-polarized light has recently been questioned (16, 17).
The proteins found as intractable aggregates in pathological conditions do not share

to include higher-order assemblies, including
highly organized species known as spherulites,
which can be identified from a characteristic Maltese cross pattern when observed un-
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Chapter 2. An efficient microwave assisted synthesis of human islet amyloid polypeptide
designed to facilitate the specific incorporation of labeled amino acids.

Abstract
IAPP has typically been synthesized via conventional solid-phase peptide synthesis,
requiring the use of three pseudoprolines and the double coupling of β-branched amino acids,
pseudoprolines and the amino acids directly following these residues. A cost-efficient, timereducing solid-phase synthesis of the amyloidogenic, 37 residue islet amyloid polypeptide
(IAPP) has been developed using two pseudoprolines in combination with microwave
technology. A yield twice that obtained with conventional syntheses is realized. The utility of
this protocol is demonstrated by the synthesis of a

13

C18O-labeled Ser-20 IAPP variant, a

prohibitively expensive and chemically challenging site to label via other protocols. TEM
analysis shows the peptide forms normal amyloid and thioflavin-T kinetics determine that IAPP
synthesized via microwave synthesis forms amyloid on the same time scale as conventionally
synthesized IAPP.

NOTE: The material presented in this chapter has been published (Peter Marek, Ann Marie
Woys, Kelvin Sutton, Martin T. Zanni, Daniel P. Raleigh. (2010) An efficient microwave
assisted synthesis of human islet amyloid polypeptide designed to facilitate the specific
incorporation of labeled amino acids, Org. Lett. 12, 4848-4851). This chapter contains direct
excerpts from the manuscript, which was written by me with suggestions and revisions from
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Professors Daniel P. Raleigh and Martin T. Zanni. Ann Marie Woys and Kelvin Sutton prepared
the 13C18O-labeled serine.

2.1 Introduction
Human islet amyloid polypeptide (IAPP or amylin) is a highly amyloidogenic 37-residue
peptide that is stored with insulin and co-secreted from the β -cells of the pancreas (1-3). The
bioactive form contains an amidated C- terminus and a disulfide bond between two cysteine
residues located at positions 2 and 7. IAPP forms amyloid deposits in the islets of the pancreas
during type 2 diabetes, a process that is thought to contribute to the decline in β-cell mass
observed in type 2 diabetes (1, 2, 4-6). Islet amyloid formation has been implicated as a
potentially complicating factor in islet cell transplantation (7-10). These considerations have lead
to broad interest in the polypeptide. Biophysical and biochemical investigations of amyloid
formation by IAPP are active areas of research, but the peptide is very difficult to synthesize and
expresses poorly. Thus, there is interest in improving methods for the preparation of IAPP. Of
particular importance are effective and economical protocols that are compatible with the
incorporation of labeled amino acids and non-genetically coded amino acids for IR, fluorescence
and fluorescence resonance energy transfer (FRET) studies. Such derivatives have proved very
useful in a range of biophysical and biochemical studies, but the required amino acids can be
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expensive or difficult to prepare and it is essential that effective solid phase peptide synthesis
protocols be utilized for their incorporation. Exploiting recent advancements in microwave solid
phase peptide synthesis and utilizing pseudoproline dipeptide derivatives, we demonstrate a cost
effective, rapid synthesis of IAPP that doubles the yield obtained from conventional synthesis in
under half the time and cost.
The hydrophobicity of IAPP, combined with a significant number of β -branched amino
acids leads to difficulties in the solid-phase peptide synthesis (SPPS) of the peptide. IAPP has
been successfully synthesized via Fmoc chemistry by the incorporation of three pseudoproline
dipeptide derivatives, together with the double coupling of 20 amino acids (11). Pseudoprolines
induce significant kinks within the backbone of the growing chain, much like proline, remove
hydrogen bond donors and disrupt secondary structure, thus aiding in the prevention of
aggregation. Standard trifluoroacetic acid (TFA) cleavage procedures regenerate the native
structure of the peptide (12). The use of pseudoproline dipeptides and double coupling of the
pseudoprolines, β-branched residues and the residues immediately following the pseudoprolines
and β-branched residues lead to a synthesis scheme which we have found typically generates 4050 mg of pure peptide from a 0.25 mmol scale synthesis using PAL-PEG-PS resin (11). Kelly
and co-workers modified this procedure to significantly reduce the number of double couplings
and obtained yields on the order of 20 mg of pure peptide from a 0.1 mmol scale synthesis (13).
Both of these methods used pseudoprolines at positions 8-9, 19-20 and 27-28.
Advances in microwave technology coupled with solid phase peptide synthesis have led
to reports of syntheses of difficult, hydrophobic peptides at greater yields than reported using
conventional synthesis (14-16). Microwave energy allows for rapid heating at the molecular
level, driving the coupling and deprotection reaction rates forward while reducing aggregation. A
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solid phase microwave assisted synthesis of IAPP on the 0.1 mmol scale has recently been
reported, which avoided the use of pseudoproline derivatives (17). However, the protocol
involved double coupling residues 1 to 17 and 24 to 37 while triple coupling residues 18 through
23. In all 80 couplings were required. Furthermore, ten equivalents of amino acid were used at
14 positions including all of the residues that were triple coupled. Thus, while the approach
avoids the use of pseudoprolines, it consumes large amounts of amino acids and solvents, is time
consuming and can be prohibitively expensive to incorporate costly labeled or non-canonical
amino acids.
Here we demonstrate a much more rapid and cost effective synthetic strategy by
combining a modified pseudoproline approach with microwave heating. Only two
pseudoprolines were required, together with thirteen double couplings (Figure 2.1). Only five
equivalents of Fmoc amino acids were used for each step, leading to a considerable savings in
time and cost. The utility of the method is demonstrated by preparing normal human IAPP and
by the incorporation of 13C18O-labeled Ser at position-20, a region of the chain that is prone to
low coupling efficiencies. The ability to label this segment of the polypeptide chain is important
because it has been proposed to be a critical initiation site for amyloid fibril growth (18).
Incorporation of labeled residues into this region will provide the spectroscopic markers required
to test this conjecture. Unfortunately, the introduction of labeled residues at this site is
prohibitively expensive using existing protocols since it would either require the preparation and
double coupling of a labeled pseudoproline, or the use of a triple coupling with ten equivalents of
amino acid per coupling. The approach described here incorporates the label using a single
coupling with five equivalents of amino acid.
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2.2 Materials and Methods
2.2.1 Peptide synthesis and purification
IAPP was synthesized on a 0.25 mmol scale with a CEM Liberty Microwave Peptide
Synthesizer utilizing 9-fluorenylmethoxycarbonyl (Fmoc) chemistry. All solvents used were
ACS grade. The power levels, final temperature and reaction times are listed in Table 2.1. The
final temperature is reached after 1 minute of heating and is maintained by a feedback sensor,
which monitors the final temperature. The final temperature is monitored at 30-second intervals
and the microwave source is gated to maintain constant temperature. Fmoc amino acids and
pseudoproline dipeptide derivatives were purchased from Novabiochem. All other reagents were
purchased from Sigma and Fisher Scientific. Use of a 5-(4'-Fmoc-aminomehtyl-3', 5dimethoxyphenol) valeric acid (PAL-PEG) resin (Novabiochem) afforded an amidated Cterminus.

Residues A8-T9 and L27-S28 were attached to the growing peptide chain as

pseudoproline dipeptide derivatives and double coupled. The following residues were also
double coupled: N3 through C7, R11, L16, V17, I26, T30 and V32. The peptide was cleaved
from the resin through the use of standard trifluoroacetic acid (TFA) methods; ethanedithiol,
thioanisole and anisole were used as scavengers. The disulfide bond was formed via incubation
in DMSO. IAPP was purified via reverse-phase high performance liquid chromatography (RPHPLC) using a Vydac C18 preparative column. A two buffer system was utilized in which
buffer A consisted of 0.045% HCl in H2O (v/v) and buffer B of 80% acetonitrile and 0.045%
HCl in H2O (v/v). TFA was avoided since small amounts of TFA can influence aggregation
rates. The purity of the peptide was checked by HPLC using a Vydac C18 analytical column and
the identity was confirmed by matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS); observed 3903.9 Da, expected 3903.4. Da.
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2.2.2 Analysis of the racemization of His and Cys
Analysis of the levels of racemization was performed by C.A.T. GmbH & Co., Tübingen,
Germany (Analysis number 9998026-1/10) in accordance with GMP guidelines.

2.2.3 Synthesis, purification and characterization of 1-13C18O Fmoc-O-tert-butyl-L-Ser.
1-13C Fmoc-O-tert-butyl-L-Ser was

18

O isotope labeled using the protocol originally

described by Seyfried et al. for Glu, Trp and Cys Fmoc-protected amino acids (19). Isotopelabeled chemicals were obtained from Cambridge Isotope Laboratories, Inc. Acetonitrile was
distilled from CaH2 and used shortly thereafter. All other materials were used without further
purification. Glassware and stir bars were dried either by flame or with an oven. The isotope
labeling reaction was performed under argon atmosphere. 1H and 13C NMR data were collected
with a Varian UNITY 500 spectrometer.
and

13

1

H NMR spectra were referenced to trimethylsilane

C spectra to CDCl3. The efficiency of

18

O isotope labeling was determined by liquid

chromatography-mass spectrometry (LC-MS) with a Shimadzu LCMS-2010A, which used the
stationary phase, a Supelco (Bellefonte, PA) 15 cm x 2.1 mm C-18 wide-pore reverse-phase
column, and a mobile phase, 0.1% formic acid in water and 0.1% formic acid in acetonitrile.
Elutents were analyzed by electrospray ionization with a single quadrupole analyzer.

The

stereochemistry was evaluated with supercritical fluid chromatography (SFC) using a Bergman
Analytix outfitted with a Daicel Chiracel OD-H column for stationary phase and MeOH/CO2 for
the mobile phase. The modifier, MeOH, was varied 10-25% for Fmoc-O-tert-butyl-Ser samples
and 5-20% for the Fmoc-ala samples. A Micromass LCT (electrospray ionization, time-of-flight
analyzer) instrument measured the molar mass.
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3,5-Dimethylpyridine hydrobromide was prepared by dripping 3,5-lutidine into 2 M
hydrobromic acid in 1:1 molar ratio, and the solvent evaporated. The resulting solid was dried
by three cycles of adding anhydrous acetonitrile, sonicating the suspension, and removing the
solvent. 1-13C Fmoc-O-tert-butyl-L-Ser and N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide
(EDC) were dried using the same procedure. The labeling reaction was performed twice using a
250 mg scale.

3,5-Dimethylpyridine hydrobromide (2.46 g, 20 eq.) was dissolved into

anhydrous N,N-dimethylformamide (DMF, 6 mL). EDC (1.25 g) was added followed by 750 µL
water (18O, 97%, Cambridge Isotopes). Fmoc-O-tert-butyl-L-Ser (250 mg) in DMF (8 mL) was
added by syringe, which was washed with 2-3 mL DMF. The reaction was stirred for 18 hours at
room temperature. Another addition of EDC (1.25 g) was followed by stirring for another 8
hours. A third portion of EDC (1.25 g) was added. After 15 hours, the reaction mixture was
diluted in ethyl acetate (90 mL) and washed with 0.1 M citric acid (75 mL) three times and then
once with 0.1 M citric acid in brine (75 mL). The aqueous layers were back-extracted with ethyl
acetate (90 mL). The organic phase was dried over MgSO4(s) and filtered. After evaporating the
solvent, the product was further purified by HPLC. Reverse phase prep scale purification was
performed on a Jasco HPLC (Quaternary Gradient Pump) with C18 Vydac column (218TP1022)
stationary phase and 0.05% trifluoroacetic acid in water / 0.05% trifluoroacetic acid in
acetonitrile gradient mobile phase.

LC-MS data was collected before and after HPLC

purification (Figure 2.2). The isotope peaks for the sodium adduct in the product elutents were
used to determine the isotope label uptake. The isotope labeling efficiency is calculated for the
coupled amino acid assuming 50/50 carboxylic oxygen preference for the singly

18

O-labeled

amino acid during peptide bond formation. Isotope enrichment was 93%, and no back-exchange
was observed after HPLC purification. NMR data for the 1-13C18O Fmoc-tBu-L-Ser product (1)
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is given in Figure 2.3.

The mass, 387.1782 m/z, was calculated, and 387.1791 m/z was

measured. Chiral separation using SFC (Figure 2.4) was monitored at 210 nm and indicated
>99% proper stereochemistry.

2.3 Results and Discussion
IAPP was synthesized with a CEM Liberty 12-Channel Automated Peptide Synthesizer
using standard reaction cycles. The sequence of IAPP and the coupling scheme is shown in
Figure 2.1. Use of a PAL-PEG-PS resin afforded an amidated C-terminus and HBTU was used
as the coupling agent. Two pseudoproline dipeptides were chosen for the synthesis, Fmoc-AlaThr(ΨMe,Me Pro)-OH replaced residues Ala-8 and Thr-9 and Fmoc-Leu- Ser(ΨMe,Me Pro)-OH
replaced residues Leu-27 and Ser-28. A preliminary synthesis involving single coupling of all
residues and no pseudoprolines was attempted, but lead to a large mixture of deletion peptides.
Double couplings were performed for the pseudoprolines, for the residues following each
pseudoproline, for Arg-11 and for every β-branched residue except for Thr-36 (Figure 2.1). In
total 11 residues in addition to the two pseudoprolines were double coupled and five equivalents
of amino acid were used for all couplings. The microwave power settings and conditions for the
deprotection and coupling steps are listed in Table 2.1. Cys and His residues are known to be
susceptible to racemization if coupling reactions are conducted at elevated temperatures. A
maximum temperature of 50 °C was set for the His and Cys couplings to reduce the possibility
of racemization. The synthesis was complete in less than 24 hours.
The peptide was cleaved from the resin and deprotected using standard TFA procedures
with 1,2-ethanedithiol, anisole and thioanisole as scavengers. The crude, reduced peptide was
analyzed using analytical HPLC and MALDI-TOF mass spectroscopy (Figure 2.5).
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analytical HPLC trace revealed a major peak centered at approximately 45 minutes,
corresponding to 75% purity as judged by the integrated area of the peaks detected at 220 nm.
The mass spectrum revealed an intense peak at 3904.9 Da, which corresponds to the expected
m/z for reduced IAPP (3905.3 Da). The mass spectrum also revealed 3 deletion peptides of
masses 1481.7, 1743.0 and 2982.9 Da.
The disulfide bond between Cys-2 and Cys-7 was formed by dissolving the crude peptide
in dimethyl sulfoxide (DMSO) at a concentration of 10 mg/ml and allowing it to oxidize as
previously reported (20). We feel this is the safest method to use as on-resin cyclization or the
use of powerful oxidants can generate unwanted byproducts, over-oxidation of the cysteine to
sulfonic acid, modification of the C-terminal Tyr or, depending on the conditions, aggregation of
the peptide. HCl was used as the counter ion instead of the more commonly employed TFA as
TFA can interfere with infrared studies. TFA-based HPLC buffers usually provide higher
resolution separations than buffers that use HCl as the counter ion. The effective purification
achieved here with the HCl system reflects the high efficiency of the synthetic protocol, which
leads to crude material that is already relatively pure. Pure, oxidized IAPP was generated at a
nearly 15% yield (~95 mg) based on the weight of the crude material. The purity of the peptide
was analyzed via HPLC on a C18 analytical column and MALDI (Figure 2.6). The yield
calculated based on the mass of the resin used was approximately 10%. This yield is higher than
reported for the alternative 0.1 mmol microwave protocol despite requiring no triple couplings,
far fewer double couplings and avoiding the use of 10 equivalents of amino acid. The levels of
racemization were 0.95% and 1.36% D-enantiomer for the His and Cys residues, respectively,
measured via GC-MS (Materials and Methods). The value for Cys reflects the total amount
detected per IAPP molecule. These levels are below those reported for other peptides synthesized
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by microwave synthesis (14).
IAPP synthesized by this approach behaved similarly to IAPP synthesized with other
protocols, forming amyloid on the same time scale and forming fibrils of identical morphology.
Figure 2.7 displays a thioflavin-T fluorescence kinetic experiment conducted with the microwave
synthesized peptide. The time course is identical to that observed previously and the transmission
electron microscopy (TEM) images of the final reaction products reveal dense mats of fibrils
with the standard morphology.
We also prepared a variant of IAPP labeled at Ser-20 with

13

C18O. This site has been

implicated as part of a critical initiation site for fibril growth (18). The ability to label at or near
this site is important for future spectroscopic studies, but would be prohibitively expensive using
either our original method, which required a pseudoproline at positions 19-20 or using the
previously reported microwave assisted protocol which requires triple coupling with ten
equivalents per coupling. Fmoc and t-butyl protected 1-13C18O backbone labeled Ser was
prepared adopting the approach of Seyfried and co-workers (Materials and Methods) (19).
13

C18O-Ser IAPP was synthesized using the same protocol as employed for the unlabeled

peptide, but using a 0.1 mmol scale. Approximately 50 mg of pure material was obtained, a 13%
yield based on the amount of resin used.
In summary, a protocol for the synthesis of IAPP with a yield comparable to or better
than other strategies, but at a considerably reduced time and cost has been developed, by
combining microwave assisted methods with the incorporation of only two strategically placed
pseudoproline dipeptide derivatives. The protocol allows the cost-effective incorporation of
labeled residues into critical regions of the polypeptide chain. The use of this approach is
applicable to other variants of IAPP and to other hydrophobic and aggregation-prone peptides.
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2.4 Figures

Figure 2.1: Primary sequence of IAPP, illustrating the coupling scheme used for the microwave
solid phase peptide synthesis. Residues that were double coupled are in bold and underlined.
The pseudoproline residues are colored blue.
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Figure 2.2: Crude (a) and HPLC purified (b-d) product from the 18O labeling reaction of 113 18
C O Fmoc-O-tert-butyl-L-Ser was analyzed by LC (gradient of 5:95 to 95:5 acetonitrile:water
with 95:5 acetonitrile:water wash with 0.1% formic acid). a) LC-MS of crude 13C18O Fmoc-Otert-butyl-L-Ser. The product peak is the major peak in the Total Ion Count (TIC) at 411.1 m/z.
The shoulder (green arrow) is a by-product removed by HPLC purification. b) LC of pure 113 18
C O Fmoc-O-tert-butyl-L-Ser after purification via HPLC. c) The integrated mass spectrum
of purified 1-13C18O Fmoc-O-tert-butyl-L-Ser. The product has the most intense mass at 411.1
m/z (product-sodium adduct). d) The isotope pattern for the 411.1 m/z was used to calculate
isotope-labeling efficiency of 1-13C18O Fmoc-O-tert-butyl-L-Ser.
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1-13C18O Fmoc-O-tertbutyl-L-serine (1)
13C NMR
75.4 MHz
CDCl3
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0PPM

Figure 2.3: 1H and 13C NMR data for 1-13C18O Fmoc-O-tert-butyl-L-Ser (1):
1
H NMR: (300 MHz, CDCl3) δ 7.290-7.779 (m, 8 H, Harom), 5.659 (d, 1 H, NH), 4.386-4.497
(m, 3 H, α-H, CH2Fmoc), 4.248 (t, 1 H, CHFmoc), 3.920 (dd, 1 H, β’-H), 3.599 (dd, 1 H, β-H),
1.212 ppm (s, 9 H, C(CH3)3). 13C NMR: (75.4 MHz, CDCl3) δ 173.3 ppm (s, 1 C, 13C18O18OH),
169.6 (s, 1 C, OCONH), 143.9, 141.5 (2 s, 4 C, Carom), 128.0, 127.3, 125.3, 120.2 (4 s, CHarom) ,
67.5 (s, 1 C, CH2Fmoc), 61.7 (s, 1 C, β-C), 47.3 (s, 1 C, CHFmoc), 27.5 (s, 1 C, (CH3)3).
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Figure 2.4: Supercritical fluid chromatography (SFC) spectrum monitored at 210 nm for a
racemic mixture (i.e. standard) of unlabeled Fmoc-O-tert-butyl-Ser (black) and 1-13C18O FmocO-tert-butyl-L-Ser product (red, 1).

56
	
  

	
  

	
  

	
  
Figure 2.5: (a) Reversed-phase analytical HPLC trace and (b) MALDI spectrum of crude,
reduced IAPP. The HPLC was run on a C18 Vydac analytical column at a flow rate of 1
ml/minute with a gradient of 0-90% buffer B (80% acetonitrile, 0.045% HCl) over 90 minutes.
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Figure 2.6: (a) Reversed-phase analytical HPLC trace and (b) MALDI mass spectrum of pure,
oxidized IAPP. The HPLC was run on a C18 Vydac analytical column at a gradient of 0-90%
buffer-B (80% acetonitrile, 0.045 % HCl) over 90 minutes. The pure peptide elutes at 48
minutes, corresponding to 48% buffer-B.

58
	
  

Normalized Fluorescence (au)

	
  

1.2
1.0
0.8
0.6
0.4
0.2
0.0
0

200 400 600 800 1000 1200 1400 1600 1800

Time (s)

	
  

Figure 2.7: Thioflavin-T monitored kinetics of IAPP synthesized by microwave (red) and
conventional (black) synthesis.	
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Figure 2.8: TEM images of fibrils formed by (A-D) microwave-synthesized and (E-H)
conventionally-synthesized IAPP. White scale bar = 500 nm; black scale bar = 100 nm.	
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Chapter 3. Aromatic Interactions Are Not Required For Amyloid Fibril Formation by Islet
Amyloid Polypeptide But Do Influence the Rate of Fibril Formation and Fibril Morphology

Abstract
Amyloid formation has been implicated in a wide range of human diseases and a diverse
set of proteins is involved. There is considerable interest in elucidating the interactions which
lead to amyloid formation and which contribute to amyloid fibril stability. Recent attention has
been focused upon the potential role of aromatic-aromatic interactions and aromatic-hydrophobic
interactions in amyloid formation by short to mid-sized polypeptides. Here we examine whether
or not aromatic residues are necessary for amyloid formation by islet amyloid polypeptide
(IAPP). IAPP is responsible for the formation of islet amyloid in type-II diabetes, which is
thought to play a role in the pathology of the disease. IAPP is 37 residues in length and contains
three aromatic residues, Phe-15, Phe-23 and Tyr-37. Structural models of IAPP amyloid fibrils
postulate that Tyr-37 is near one of the phenylalanine residues and it is known that Tyr-37
interacts with one of the phenylalanines during fibrillization, but it is not known if aromaticaromatic or aromatic-hydrophobic interactions are absolutely required for amyloid formation. A
triple mutant F15L, F23L, Y37L (IAPP-3XL) was prepared and its ability to form amyloid was
tested. CD, thioflavin-T binding assays, AFM and TEM measurements all show that the triple
leucine mutant readily forms amyloid fibrils. The substitutions do however decrease the rate of
fibril formation and alter the tendency of fibrils to aggregate. Thus, while aromatic residues are
not an absolute requirement for amyloid formation by IAPP, they do play a role in the fibril
assembly process.
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NOTE: The material presented in this chapter has been published (Peter Marek, Andisheh
Abedini, BenBen Song, Mandakini Kanungo, Megan E. Johnson, Ruchi Gupta, Warda Zaman,
Stanislaus S. Wong, Daniel P. Raleigh (2007) Aromatic Interactions Are Not Required For
Amyloid Fibril Formation by Islet Amyloid Polypeptide But Do Influence the Rate of Fibril
Formation and Fibril Morphology. Biochemistry, 46, 3255-3261). This chapter contains direct
excerpts from the manuscript, which was written by me with suggestions and revisions from
Professors Daniel P. Raleigh and Stanislaus S. Wong. Mandakini Kanungo, Megan E. Johnson
and Warda Zaman performed the atomic force microscopy (AFM) experiments.

3.1 Introduction
Amyloid formation plays a role in a wide range of human diseases, including
Alzheimer’s disease and type-II diabetes, and a diverse set of proteins have been shown to form
amyloid in vivo and in vitro. There has been considerable interest in determining the factors and
specific interactions, which lead to amyloid formation (1-10). Recent attention has been focused
on the potential role of aromatic-aromatic and aromatic-hydrophobic interactions in amyloid
formation (1-3, 5-6, 11-13). Aromatic-aromatic interactions are known to contribute to the
stability of globular proteins and have been suggested to play a critical role in amyloid formation
(11, 12). Initial experiments involving alanine scanning of peptides containing a single aromatic
residue seemed to support this conjecture (12). In particular, substitution of aromatic residues in
short peptides derived from islet amyloid polypeptide (IAPP, amylin) by alanine significantly
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inhibited amyloid formation or abolished it.

Alanine is, however, a non-conservative

substitution for phenylalanine, particularly in regards to amyloid formation since it is smaller,
less hydrophobic and has a smaller β-sheet propensity. Indeed, substitution of aromatic residues
by leucine instead of alanine led to peptides, which still formed amyloid (13). These studies
were performed on short fragments derived from IAPP or from other proteins. IAPP contains
multiple aromatic residues and intrapeptide aromatic-aromatic interactions are formed during the
fibrillization process, but it is not known if these intrapeptide aromatic-aromatic interactions are
strictly required for amyloid formation by intact IAPP (14). The question is important because
amyloid formation by IAPP is potentially of great medical significance and there have been
suggestions that targeting aromatic-aromatic interactions is a viable strategy for the design of
amyloid inhibitors, particularly for IAPP (15, 16).
IAPP is a hormone which is stored in the insulin secretory granule and is co-secreted with
insulin (17, 18). In its normal soluble state it plays a role in regulating glucose metabolism, but
in type-II diabetes IAPP forms amyloid deposits in the pancreas (17-23). Islet amyloid is
believed to play a role in the pathology of type-II diabetes and more than 90% of patients with
type-II diabetes exhibit islet amyloid upon autopsy (23). Furthermore, the extent of islet amyloid
appears to correlate with the severity of the disease. The mature form of IAPP is 37 residues in
length, has an amidated C-terminus and contains a disulfide bridge between residues two and
seven (17, 18). The human form of the polypeptide contains three aromatic residues, Phe-15,
Phe-23 and Tyr-37. FRET studies have shown that the C-terminal Tyr interacts with one or
more of the Phe residues during the fibrillization process (14). FRET studies have also shown
that Tyr-37 is relatively immobile in the final fibril structure, while structural models of the
fibrils suggest that Tyr-37 could form aromatic-aromatic interactions with Phe-23 (14, 24).
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These studies indicate that aromatic residues may be important in amyloid formation by the fulllength peptide. Note that the studies with short peptides described above could not test the
importance of these interactions because each peptide contained only one aromatic residue, thus
intrapeptide aromatic-aromatic interactions were not possible.
A number of studies have suggested that targeting aromatic-aromatic interactions is a
viable strategy for the design of amyloid inhibitors, particularly of IAPP (15, 16, 25). However,
no studies have been reported which test if aromatic-aromatic or aromatic-hydrophobic
interactions are absolutely necessary for islet amyloid formation. The question is important, both
because of the increasing interest in inhibitors of IAPP aggregation and because of the general
insight such a study might offer into amyloid formation in a broader context. Here we report the
characterization of a triple mutant of IAPP in which all three aromatic residues are replaced by
Leu. The peptide is denoted IAPP-3XL and, as described below, it readily forms amyloid. Thus,
aromatic residues are not required for amyloid formation by IAPP, although amyloid formation
is slower in their absence and the final morphology is subtly affected.

3.2 Material and Methods
3.2.1 Peptide synthesis and purification
IAPP-3XL was synthesized on a 0.25 mmol scale with an Applied Biosystems 433A
Peptide Synthesizer utilizing 9-fluornylmethoxycarbonyl (Fmoc) chemistry. Solvents used were
ACS-grade. Fmoc-protected pseudoproline (oxazolidine) dipeptide derivatives were used as
previously described (26). They were purchased from Novabiochem. All other reagents were
purchased from Advanced Chemtech, PE Biosystems, Sigma and Fisher Scientific. Use of a 5(4'-Fmoc-aminomehtyl-3', 5-dimethoxyphenol) valeric acid (PAL-PEG) resin afforded an
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amidated C terminus. Standard Fmoc reaction cycles were used. The first residue attached to
the resin, all β-branched residues, the residue directly following a β-branched residue, all
psuedoproline dipeptide derivatives and the residue directly following a pseudoproline dipeptide
derivative were double-coupled. The peptide was cleaved from the resin through the use of
standard trifluoroacetic acid (TFA) methods.
The crude peptide (100 mg) was dissolved in 10% acetic acid (v/v), frozen in liquid
nitrogen and lyophilized to increase its solubility. The dry polypeptide was dissolved in 5 ml
DMSO to promote the formation of the Cys-2 to Cys-7 disulfide bond (27). After 24 hours the
solution was purified via reverse-phase high-performance liquid chromatography (RP-HPLC)
using a Vydac C18 preparative column. A two-buffer system was utilized in which Buffer A
consisted of H2O and 0.045% HCl (v/v) and Buffer B consisted of 80% acetonitrile, 20% H2O
and 0.045% HCl (v/v). The identity of the pure polypeptide was confirmed by matrix-assisted
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) using a Bruker
MALDI-TOS MS (for IAPP expected 3904.3 Da, observed 3904.6 Da; for IAPP-3XL expected
3786.2, observed 3786.6 Da). The purity of the polypeptide was checked by HPLC using a
Vydac C18 analytical column.

3.2.2 Thioflavin-T fluorescence assays
A 0.53 mM peptide stock solution consisting of 1.9 mg purified IAPP-3XL in 1 mL 20
mM Tris-HCl buffer at pH 7.4 was prepared and allowed to incubate for two days at room
temperature. A second 0.53 mM peptide stock solution was prepared on the second day and used
to monitor events at time zero.

Fluorescence was measured on a Jobin Yvon Horiba

fluorescence spectrophotometer at 450 nm excitation and 485 nm emission wavelengths. The
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emission and excitation slits were set to 5 nm and a 1.0 cm cuvette was used. The wavelength
scan was measured from 462-650 nm.

All thioflavin-T fluorescence experiments were

performed by diluting 103 µL of the stock solution into a 20mM Tris-HCl buffer at pH 7.4
containing thioflavin-T. The final solution conditions were 32 µM peptide and 64 µM thioflavinT at pH 7.4. All solutions were stirred during the wavelength scans to maintain solution
homogeneity. As a control, a fluorescence spectrum was taken of a solution consisting of only
buffer and thioflavin-T. This spectrum was flat in comparison to the spectrum of the solution
containing the peptide, indicating that the fluorescence observed in the presence of the peptide is
due to the peptide fibril-dye interactions. The background spectrum was subtracted from the
spectra of the peptide samples.

Wavelength scans were performed on both peptide stock

solutions on the day of preparation and after 15 days of incubation. Studies were also conducted
in which a 1.58 mM stock solution was prepared in 100% hexafluoroisopropanol (HFIP) as
described (27). These conditions are used to ensure that IAPP is monomeric at the initiation of
the kinetic assays. Kinetic studies were performed by diluting this stock solution by a factor of
50:1 in Tris-HCl buffer at pH 7.4 containing thioflavin-T and monitoring the thioflavin
fluorescence as a function of time. Final solution conditions were 32 µM IAPP and 64 µM
thioflavin-T at pH 7.4, 2 % HFIP (v/v). The kinetics of amyloid formation by IAPP are
dependent on the size and shape of the cell used, the sample volume and whether or not samples
are stirred as well as the solvent composition.

3.2.3 Circular dichroism (CD) experiments
Far-UV CD experiments were performed at 25 °C on an Aviv 62A DS CD
spectrophotometer. For far-UV CD wavelength scans, an aliquot from the peptide stock was
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diluted into 20 mM Tris-HCl buffer at pH 7.4, for a total volume of 250 µL. The final peptide
concentration was 0.1 mg/mL in 20 mM Tris-HCl buffer. The spectrum is the average of three
repeats in a 0.1 cm quartz cuvette and recorded over a range of 190-250 nm, at 1nm intervals
with an averaging time of three seconds per scan. A background spectrum was subtracted from
the collected data.

3.2.4 Transmission electron microscopy (TEM)
TEM was performed at the University Microscopy Imaging Center at the State University
of New York at Stony Brook. A 4 µL sample from both the t=0 and t=2 days peptide stock
solutions were placed on a carbon-coated 300-mesh copper grid and negatively stained with
saturated uranyl acetate.

3.2.5 Atomic force microscopy (AFM)
The peptide samples were characterized using a Nanoscope IIIa Multimode atomic force
microscope (Veeco, Inc. Santa Barbara, CA). Specifically, 1 µL of the peptide solution was
diluted to 5 µL with deionized water in an Eppendorf tube and mixed gently for 10 seconds. A 2
µL aliquot of the diluted solution was spin coated onto a freshly cleaved mica surface at 3000
rpm for 30 seconds followed by air-drying for 30 minutes. The samples were subsequently
imaged in ambient air using tapping mode mode scanning with conventional etched silicon
Nanoprobes (k = 3-6 N/m). We used an E scanner for our imaging, with typical scan ranges of <
1µm to 5µm.

The scan rate for imaging of the peptides was between 1-1.6 Hz; tapping

frequency was between 60-90 kHz. The height, length, and periodicity data on the fibrils was
obtained directly from flattened images using the as-provided Nanoscope data analysis software.
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Height, length, and periodicity measurements were taken along a number of line profiles across
randomly selected fibrillar features, with our measurements replicated over several images and
taken above the mica background. Width measurements were not obtained due to non-trivial tip
broadening effects that rendered the data less meaningful.

3.3 Results and Discussion
A triple mutant of human IAPP was synthesized in which each of the aromatic residues
were replaced by Leu; F15L, F23L and Y37L. The polypeptide is denoted IAPP-3XL (Figure
3.1). Leucine substitutions were used to eliminate the aromatic interactions instead of Ala since
Leu is more conservative in terms of its size, hydrophobicity and β-sheet and α-helical
propensity (13). The ability of IAPP-3XL to form amyloid was first tested using thioflavin-T
binding studies. Thioflavin-T is negligibly fluorescent in solution, but experiences a significant
increase in quantum yield upon binding to amyloid fibrils. The results indicate that thioflavin-T
fluorescence is considerably enhanced in the presence of aggregated IAPP-3XL, exhibiting the
characteristic emission maximum near 480 nm associated with the amyloid-bound dye (Figure
3.2).

These studies were conducted using samples prepared in aqueous buffer at initially

relatively high concentrations (stock solution was 0.5 mM prior to dilution) as described in the
materials and methods section. We also tested solutions that were first solubilized in 100% HFIP
to remove any preformed seeds.

Samples prepared by diluting HFIP stock solutions into

aqueous buffer also show the characteristic thioflavin-T fluorescence associated with amyloid
formation after a short lag phase. This experiment confirms that the positive thioflavin assay is
not an artifact of the method of sample preparation. These results were confirmed by far-UV CD
studies.

Far-UV CD spectra of the triple leucine mutant show the classic conformational
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transition for amyloid formation by wild type (WT) IAPP, shifting from a random coil structure
at time zero to a β-sheet structure (Figure 3.3).
The morphology of the IAPP-3XL deposits was investigated using TEM.

These

experiments demonstrate that the material, which binds thioflavin-T, has the morphology
commonly associated with amyloid fibrils. This is an important additional observation because
there has been some speculation that thioflavin-T binding can yield false positives. Dense mats
of long, un-branched fibrils were observed in the TEM images of samples of IAPP-3XL, which
had been incubated for only 1 hour at pH 7.4 (Figure 3.4). Interestingly, the fibrils observed in
samples that had been incubated for 48 hours appeared longer and slightly less prevalent,
although they were still abundant.
We also used atomic force microscopy (AFM) to examine the topology of the fibrils
formed by the 3XL mutant. Tapping mode AFM has been used to probe the morphology of
amyloid fibrils formed by a wide range of proteins and polypeptides and is a complementary
technique to TEM, since samples do not have to be either heavy metal stained or visualized
under high vacuum conditions. Our ambient AFM data are consistent with the TEM studies and
support the conclusion that the triple leucine mutant forms amyloid fibrils. Figure 3.5 compares
AFM images of WT IAPP and IAPP 3X-L, both of which formed left-handed helical, slightly
curved fibrils. The images are broadly similar and reveal features typically observed for AFM
images of amyloid fibrils, including the same sense of the helical twist. There are differences in
the details of the images however. For example, the twisted ribbon morphology was noticeably
more pronounced for the WT fibrils. A distinct periodicity is observed for both peptides as is
typical of amyloid. For the WT IAPP fibril the period is 47.2 ± 9.0 nm, whereas for the IAPP3XL mutant the period is 62.1 ± 8.5 nm, indicative of observable macroscopic changes in the
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fibril structure which result from differences in the two peptide sequences. A similar argument
has been previously advanced to explain polymorphic fibrillar morphologies (28, 29). The
distribution of fibril lengths is similar for the two peptides in the sense of ranging from 100 nm
to several microns. However, there are differences in the distribution of heights worth discussing
(Figure 3.6).
The mean height for the WT peptide is 5.16 ± 1.46 nm and the median is 4.71 nm. The
measured fibril height is within the range expected and is in agreement with previous AFM data
as well as electron microscopy results on human IAPP (30-33). Nonetheless, as is evident from
Figure 3.5, the WT fibrils tend to occur mainly as pairs of fibrils and sometimes as triplets and
multiplets of adjoining fibrillar structures. This result is consistent with a picture of WT fibrils
as being composed of laterally intertwined component fibrillar building blocks forming higherorder structures and moreover, argues for the reasonable hypothesis that the aromatic residues
help to mediate interfibril interactions. Our observation is also in agreement with previous
reports on IAPP assemblies, where fibril structures were observed (34). In other words, it is
plausible that the aromatic residues, through favorable π-stacking interactions or aromatic
hydrophobic interactions, may encourage formation of a hierarchical fibrillar architecture. By
contrast, the mean height for fibrils formed by the 3XL mutant, 3.39 ± 1.3 nm, is clearly lower
than that of WT, as is the median height, 3.1 nm. This may result from an unfavorable tendency
for component fibrils to aggregate in this system as compared with the WT.
The results of these experiments are all internally consistent and demonstrate that
interactions involving aromatic residues are not required for amyloid formation by IAPP.
However, these studies do not address whether or not aromatic-aromatic or aromatichydrophobic interactions influence the rate of assembly of IAPP fibrils. Consequently, we
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conducted kinetic assays to compare the rate of amyloid formation by WT IAPP and the 3xL
mutant. Figure 3.7 compares the time course of fibril formation as monitored by thioflavin-T
binding.

Both the WT and 3XL peptides exhibit a lag phase with little or no change in

fluorescence followed by a rapid growth phase leading to the final plateau. The lag phase is
noticeably longer for the 3XL mutant, increasing by approximately a factor of five.
Interestingly, the affect on the growth phase is less pronounced.

3.4 Conclusions
Spectroscopy measurements, TEM and AFM studies of IAPP-3XL clearly demonstrate
that it readily aggregates into fibrils that bind thioflavin-T, have considerable β-sheet structure
and have the morphology expected for amyloid deposits. These studies unequivocally show that
IAPP 3XL forms amyloid despite the complete absence of aromatic residues. We believe that our
observations with full length IAPP are important because previous studies of the role of aromatic
residues in fibril formation by IAPP involved studies of short peptides, which contained only a
single aromatic amino acid. In contrast, mature IAPP contains three aromatic residues and
aromatic contacts are known to be formed during the fibrillization process (14). Thus, the
present study extends our earlier observations by showing that intrapeptide aromatic-aromatic
interactions are not required for fibril formation. The present study together with recent studies
of the role of aromatic interactions in amyloid formation by muscle acylphospatase and prior
investigations of short peptides clearly demonstrate that that aromatic-aromatic or aromatichydrophobic interactions are not a requirement for amyloid formation in all systems (2, 13). Our
kinetic studies, however, do show that interactions involving aromatic residues of IAPP are
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important during the lag phase and our AFM measurements show that they influence the
morphology of the deposits.
It is interesting to speculate about the molecular basis for the elongation of the lag phase
caused by the aromatic to leucine substitutions. In principle, the substitutions could modulate
conformational tendencies and fluctuations within the monomeric ensemble or they might
destabilize specific intramolecular contacts or modulate important peptide-peptide interactions.
Of course the substitutions could exert their net effect by some combination of these processes,
although it is very difficult to quantify or differentiate these potential multiple effects. There is
literature data, however, which suggests that at least part of the effects could be due to
modulation of intramolecular aromatic-aromatic interactions.

In particular, FRET based

measurements showed that aromatic residues in wild-type IAPP form interactions during the lag
phase of amyloid formation and demonstrated that the C-terminal tyrosine makes contacts with
one or more of the phenylalanines (14). Our study compliments this investigation by showing
that these interactions are likely to be kinetically important. These observations are important for
mechanistic interpretation of amyloid fibril assembly of IAPP, and may be relevant for the
design of inhibitors of aggregation (15, 16, 25).
Might aromatic-aromatic interactions be important in in vivo amyloid formation by
IAPP? It can be very difficult to extrapolate effects observed in in vitro biophysical studies to in
vivo amyloid formation in the complicated extracellular environment. In vivo amyloid formation
is a dynamic process involving amyloid deposition, potential disruption of amyloid deposits and
interactions with cellular quality control machinery. If the five-fold increase in the lag phase
were translated into the in vivo environment, then the effects might indeed be significant and
replace of the aromatic residue in IAPP might decrease amyloid formation. Conversely, the
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aromatic residues in IAPP might actually inhibit amyloid formation by modulating interactions
between IAPP and other molecules and their removal could then be deleterious. In particular,
aromatic residues in IAPP have been implicated in IAPP-insulin interactions (35). This is
potentially of great importance because insulin is a potent inhibitor of amyloid formation by
IAPP in vitro and there has been speculation that this could be relevant in vivo (36-38). The
concentration of IAPP in the secretory granule is well above concentrations that lead to rapid
aggregation in vitro, leading to the question of why amyloid formation is inhibited in the granule.
Insulin-IAPP interactions have been proposed to be the key. Thus, disruption of the insulinIAPP interaction by replacement of the aromatic residues might promote amyloid formation.
In summary, our studies demonstrate that intramolecular or intermolecular aromaticaromatic or aromatic-hydrophobic interactions are not required for amyloid formation by IAPP.
However, the data presented here clearly supports a role for aromatic residues in the kinetics of
amyloid assembly and shows that they influence the morphology of the deposits.
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3.5 Figures
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Figure 3.1: The primary sequence of WT human IAPP and F15L, F23L, Y37L (3XL) triple
mutant. The peptides have an amidated C-terminus, a free N-terminus and a disulfide bridge
between Cys-2 and Cys-7. Positions 15, 23 and 37 are highlighted in bold.
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Figure 3.2: Thioflavin-T binds to IAPP-3XL. The solid curve is the thioflavin-T emission
spectrum recorded in the presence of 0.50 mM IAPP-3XL, which had been incubated for two
days. The dashed line represents thioflavin-T in buffer in the absence of peptide. Spectra were
recorded at 25 °C in 20 mM Tris-HCl at pH 7.4.
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Figure 3.3: IAPP-3XL deposits are rich in β-sheet structure. Far UV-CD spectrum of a 32 µM
sample of IAPP-3XL in 20 mM Tris-HCl at pH 7.4.
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Figure 3.4: IAPP-3XL forms amyloid deposits. (A) TEM images recorded of a sample which
had been incubated for 1 hour at 25 °C in 20 mM Tris-HCl at pH 7.4. (B) TEM images of
samples incubated for two days under otherwise identical conditions. The scale bar represents
100 nm.
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Figure 3.5: IAPP-3XL forms amyloid deposits. Tapping mode AFM images of (A) wild type
human IAPP and (B) IAPP-3XL mutant. The horizontal scale bar represents 250 nm for (A) and
200 nm for (B). Vertical Z-scale is 60 nm for (A) and 20 nm for (B). Fibrils were prepared at
pH 7.4, 25°C 20 mM Tris-HCl, 2% HFIP (V/V), yielding 0.14 mg/ml peptide.

80
	
  

	
  
Height Distribution of WT IAPP pH 7.4
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Figure 3.6: Two plots showing histograms of the height distributions of the wild-type amyloid
fibrils (top) and of amyloid fibrils formed by the 3XL mutant (bottom), as determined by AFM.
Fibrils were prepared at pH 7.4, 25°C 20 mM Tris-HCl, 2% HFIP (V/V), yielding 0.14 mg/ml
peptide.
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Figure 3.7: The 3XL mutant forms amyloid significantly more slowly than wild-type IAPP.
Thioflavin fluorescence monitored kinetic assays of fibril formation by wild-type IAPP and
IAPP-3XL. Reactions were initiated by diluting HFIP stock solutions into aqueous buffer. Final
conditions were 64 µM thioflavin-T, 17 mM Tris-HCl at pH 7.4 and 0.14 mg/ml peptide.
Experiments were performed with continuous stirring at 25 ºC. The solid line represents the best
fit to a sigmodial curve.
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4. Residue Specific, Real Time Characterization of Lag Phase Species and Fibril Growth
During Amyloid Formation: A Combined Fluorescence and IR Study of pCyanophenylalanine Analogs of Islet Amyloid Polypeptide

Abstract

Amyloid formation normally exhibits a lag phase followed by a growth phase, which
leads to amyloid fibrils. Characterization of the species populated during the lag phase is
experimentally challenging, but is critical since the most toxic entities may be pre-fibrillar
species. p-Cyanophenylalanine fluorescence is used to probe the nature of lag phase species
populated during the formation of amyloid by human islet amyloid polypeptide. The polypeptide
contains two phenylalanines at positions 15 and 23 and a single tyrosine located at the Cterminus.

Each aromatic residue was separately replaced by p-cyanophenyalanine. The

substitutions do not perturb amyloid formation relative to wild type IAPP as detected using
thioflavin-T fluorescence and electron microscopy. p-Cyanophenylalanine fluorescence is high
when the cyano group is hydrogen bonded and low when it is not. It can also be quenched via
FRET to tyrosine. Fluorescence intensity was monitored in real time and revealed that all three
positions remained exposed to solvent during the lag phase, but less exposed than unstructured
model peptides.

The time course of amyloid formation, as monitored by thioflavin-T

fluorescence and p-cyanophenylalanine fluorescence, is virtually identical.

Fluorescence

quenching experiments confirmed that each residue remains exposed during the lag phase. These
results place significant constraints on the nature of intermediates that are populated during the
lag phase and indicate that significant sequestering of the aromatic side chains does not occur
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until β-structure sufficient to bind thioflavin-T has developed. Seeding studies and analysis of
maximum rates confirm that sequestering of the cyano groups occurs concomitantly with the
development of thioflavin-T binding capability. Overall, the process of amyloid formation and
growth appears to be remarkably homogenous in terms of side chain ordering.

p-

Cyanophenylalanine also provides information about fibril structure. Fluorescence emission
measurements, infrared measurements and quenching studies indicate that the aromatic residues
are differentially exposed in the fibril state with Phe-15 being the most exposed.

p-

Cyanophenylalanine is readily accommodated into proteins, thus the approach should be broadly
applicable.

NOTE:

The material presented in this chapter has been published (Peter Marek, Sudipta

Mukherjee, Martin T. Zanni, Daniel P. Raleigh (2010) Residue Specific, Real Time
Characterization of Lag Phase Species and Fibril Growth During Amyloid Formation: A
Combined Fluorescence and IR Study of p-Cyanophenylalanine Analogs of Islet Amyloid
Polypeptide. J. Mol. Biol., 400, 878-888). This chapter contains direct excerpts from the
manuscript, which was written by me with suggestions and revisions from Professors Daniel P.
Raleigh and Martin T. Zanni. Sudipta Mukherjee performed the FT-IR experiments.
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4.1 Introduction
The process of amyloid formation has been implicated in a wide range of human diseases
including Parkinson’s disease, Alzheimer’s disease and type-2 diabetes (1-5). The kinetics of
amyloid formation are complex and normally exhibit a lag phase during which no amyloid fibrils
are formed followed by a rapid growth phase leading to the final equilibrium between fibrils and
soluble protein. The current view in the field is that intermediates in the assembly of amyloid
may be the most toxic species and this has focused considerable attention on their properties (68).
Unfortunately, there are few methods available that provide precise structural information
on amyloid assembly in real time. An important tool used to probe transition state structure in
protein folding is the so-called φ-value or protein engineering method.

However, this

methodology is much less likely to be useful for studies of amyloid formation because the
pathway of amyloid formation can be perturbed by mutations, amyloid fibrils can be
polymorphic and fibril morphology can be altered by seemingly modest changes in primary
sequence or in solution conditions (9-12). CD spectroscopy probes secondary structure
formation, but is not residue-specific. Solution state NMR is generally not applicable because of
the difficulty in obtaining high resolution spectra of rapidly aggregating systems and the time
resolution of solid-state NMR is not sufficient for studying kinetics. 2D-IR, in conjunction with
specific isotope labeling, holds considerable promise, but has not yet been applied to probe side
chains, which may be the key to understanding the mechanism of amyloid formation (13).
The intrinsic fluorescence of Trp can be used to follow amyloid formation, but many
biologically important amyloidogenic polypeptides lack Trp. These include the Aβ peptide from
Alzheimer’s disease, islet amyloid polypeptide (IAPP or amylin) which forms amyloid in type 2
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diabetes, α-synuclein which is associated with Parkinson’s disease and calcitonin. Trp can
obviously be introduced into the polypeptide of interest, however, it is not always a conservative
substitution and may perturb the kinetics and/or mechanism of amyloid formation, or alter fibril
morphology. A more subtle point is that Trp fluorescence is sensitive to a variety of factors and
can be difficult to develop an atomic level understanding of the features that control Trp
fluorescence during amyloid formation.

Intrinsic Tyr fluorescence is weaker than Trp

fluorescence and suffers from the same drawbacks, including the fact that substitution of Tyr for
Phe or for a hydrophobic amino acid is not completely conservative, particularly if the site is
buried.
The most common method for studying the kinetics of amyloid formation in vitro is to
use fluorescence-detected thioflavin-T binding assays.

The fluorescence of thioflavin-T is

negligible in the absence of amyloid, but is significantly enhanced upon binding to fibrils (14).
However, it is not known what peptidic structure is necessary to bind thioflavin-T and the exact
relationship between binding and the enhancement in quantum yield is not fully understood (12,
15-19). Thioflavin-T assays, while useful, provide no information about the lag phase species or
about the role of specific side chains in the amyloid assembly process. In addition, thioflavin-T
is not a completely amyloid specific dye and there have been reports of it binding to nonamyloidogenic structures (12, 16, 17). These issues led us to explore the use of fluorescent noncoded amino acids to follow the kinetics of amyloid formation, specifically pcyanophenylalanine (FC≡N or cyanoPhe) (20).
FC≡N is a non-coded amino acid that can readily be incorporated into proteins by
recombinant methods and by solid phase peptide synthesis (20-22). It has very desirable
physiochemical and spectroscopic properties. The fluorescence of FC≡N is sensitive to hydrogen
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bonding interactions involving the cyano group. The fluorescence quantum yield is high in
water and low when the group is sequestered into a non-hydrogen bonding environment, such as
the hydrophobic core of a protein, the interior of an amyloid fibril or in a protein-protein
complex (20, 23, 24). FC≡N fluorescence can be selectively excited in the presence of a Tyr or a
Trp and there are fewer problems associated with the water Raman peak than are observed with
Tyr. The polarity of the cyano group is intermediate between that of an amide and a methylene,
allowing it to be readily accommodated to the hydrophobic interior of a folded protein, and its
size makes it a suitable substitution for Tyr or Phe (23). FC≡N also forms a useful FRET pair with
Trp or Tyr in which FC≡N acts as the donor (23, 25-27). The R0 for the FC≡N-Trp pair is 16 Å and
approximately 13 Å for a FC≡N-Tyr pair.

These are useful distances for studies of chain

compaction during folding and aggregation (28, 29). The C≡N stretching frequency can also be
useful as an infrared reporter of the local environment, providing information about solvation
and internal electric fields (30-33). The C≡N stretch is found in an otherwise transparent region
of protein IR spectra and shifts by ~10-12 cm-1 depending upon the degree of solvation (30).
We use FC≡N substitutions to follow amyloid formation by islet amyloid polypeptide
(IAPP or amylin). IAPP is a 37 residue, highly amyloidogenic peptide that is stored and cosecreted with insulin from the β-cells of the pancreas (34, 35). Amyloid formation by IAPP is
believed to contribute to the pathology of type 2 diabetes and amyloid deposits have been found
in up to 90% of autopsied individuals who suffered from type 2 diabetes (36-40). Islet amyloid
formation is thought to induce apoptosis of the β-cells and to contribute to the decline in the
mass of β-cells during type 2 diabetes (34, 35, 41). There is also increasing evidence suggesting
that IAPP amyloid formation may contribute to graft failure in islet transplantation (42-45). We
have shown that FC≡N is a conservative substitution for the C-terminal Tyr of IAPP and that its
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fluorescence can be used to detect fibril formation (20). In the present study we characterize
three analogs of IAPP in which each aromatic residue is separately substituted with FC≡N. We
show that these substitutions provide non-perturbing probes of IAPP amyloid formation and use
time-resolved studies of FC≡N fluorescence to follow the structural transitions that occur during
amyloid formation. Chloride ion is an efficient quencher of FC≡N fluorescence and we exploit
this effect to monitor the exposure of the three sites in real time. Seeding studies are used to
follow the addition of soluble IAPP to pre-formed fibrils and provide site-specific information
about the burial of each of the aromatic residues during fibril growth. Finally, the fluorescence
studies are complimented by conducting IR measurements of the final fibril structure. The
results reported here illustrate the utility of FC≡N fluorescence probes, as well as the advantages
of combining fluorescence and IR studies. Virtually nothing is known about the nature of
species populated during the lag phase and the present work provides new information about the
process of IAPP amyloid assembly (46-48).

4.2 Materials and Methods
4.2.1 Peptide synthesis and purification
The FC≡N IAPP variants, wild type IAPP and a short control peptide (GGFC≡NAA) were
synthesized on a 0.25 mmol scale with an Applied Biosystems 433A Peptide Synthesizer,
utilizing 9-fluornylmethoxycarbonyl (Fmoc) chemistry. Solvents used were ACS-grade. Fmocprotected pseudoproline (oxazolidine) dipeptide derivatives were used as previously described
(56).

Fmoc amino acids and pseudoproline dipeptide derivatives were purchased from

Novabiochem. Fmoc-L-4-cyanophenylalanine was purchased from Peptech Corporation. All
other reagents were purchased from Advanced Chemtech, PE Biosystems, Sigma and Fisher
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Scientific. Use of a 5-(4'-Fmoc-aminomehtyl-3', 5- dimethoxyphenol) valeric acid (PAL-PEG)
resin afforded an amidated C-terminus. The N-termini of all peptides were free. Standard Fmoc
reaction cycles were used. The first residue attached to the resin, all β-branched residues, the
residue directly following a β-branched residue, all psuedoproline dipeptide derivatives and the
residue directly following a pseudoproline dipeptide derivative were double-coupled. Peptides
were cleaved from the resin through the use of standard trifluoroacetic acid (TFA) methods. The
disulfide bond was formed via DMSO induced oxidation (57). The peptides were purified via
reverse-phase high-performance liquid chromatography using a Vydac C18 preparative column.
A two-buffer system was utilized in which Buffer A consisted of H2O and 0.045% HCl (v/v) and
Buffer B consisted of 80% acetonitrile, 20% H2O and 0.045% HCl (v/v). HCl was used as the
ion pairing agent since TFA causes problems with IR of polypeptides and residual TFA can
influence the aggregation properties of amyloidogenic peptides (58). The identity of the pure
polypeptide was confirmed by matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS).

The expected mass for both IAPP 15FC≡N and 23FC≡N was

3929.3 Da and masses of 3928.6 Da and 3929.8 Da were observed, respectively. The expected
mass of 37FC≡N was 3912.3 Da and the observed mass was 3911.8 Da. The purity of the
polypeptides was checked by HPLC using a Vydac C18 analytical column.

4.2.2 Fluorescence assays
All fluorescence assays were performed on a Photon Technology International
fluorescence spectrophotometer. Thioflavin-T fluorescence was excited at 450 nm and monitored
at 485 nm. FC≡N fluorescence was excited at 240 nm and the emission monitored at 296 nm. The
emission and excitation slits were set to 5 nm and a 1.0 cm cuvette was used for all experiments.
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The fluorescence of thioflavin-T and FC≡N was measured simultaneously for the same sample in
dual dye mode during kinetic runs, which allows kinetic traces to be collected in an interleaved
fashion. The kinetic experiments were performed by diluting a stock solution of peptide, 1.58
mM in HFIP, into 20 mM Tris-HCl buffer at pH 7.4 containing thioflavin-T. This is a standard
protocol for biophysical studies of IAPP amyloid formation (20, 46, 51). The final solution
conditions were 2% HFIP, 32 µM peptide and 32 µM thioflavin-T at pH 7.4 and 25ºC for all
experiments. The HFIP stock solutions were filtered with a 0.45 µm GHP Acrodisc filter prior to
dilution into buffer. All solutions were stirred during the experiments to maintain solution
homogeneity. Stirring significantly accelerates the rate of amyloid formation. The fluorescence
spectra of the final fibril state shown in Figure-3 were corrected for contributions from trace
amounts of soluble IAPP. Fluorescence emission spectra were collected and the samples were
then filtered through a 10,000 Da molecular weight ultrafiltration device by sedimentation at
22,000 g for 45 minutes. The supernatant contained only soluble IAPP as judged by the fact that
the intensity of the thioflavin-T fluorescence was the same as observed at the start of the kinetic
assay (data not shown). The FC≡N fluorescence spectra of these solutions were collected and
subtracted from that of the unfiltered sample. The difference spectra represent the contribution
from the fibril.
The apparent maximum rate, the rate at t=t50, was calculated by numerically
differentiating the FC≡N and thioflavin-T fluorescence vs. time curves. The maximum velocity,
vmax, was calculated using the procedure described in reference 57. Briefly, the data were fit to
the expression r (t ) = (m1 + t + r1 )α + (m2 + t + r2 )(1 − α ) , where α = (1 + e (( t50 −t ) / τ ) ) −1 , which
describes a sigmoidal curve. The time constant of the transition, τ, is converted to vmax by the
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equation v max =

[ IAPP]t =0
, where [IAPP]t=0 is the total concentration of IAPP at the start of the
4τ

reaction.
For the seeding assays, preformed wild type hIAPP fibrils were produced by diluting a
1.58 mM stock solution of peptide in HFIP into 20 mM Tris-HCl buffer containing thioflavin-T
at pH 7.4 for a final concentration of 32 µM wild type hIAPP in 2% HFIP. The solution was
incubated for 60 minutes and thioflavin-T fluorescence was monitored to ensure fibril formation
had occurred. Fibrils from this reaction were diluted into buffer. The IAPP FC≡N variants, 1.58
mM stock solutions in HFIP, were then diluted into the seeded buffer for final conditions of 32
µM peptide, 32 µM thioflavin-T, 3.2 µM seed (in monomer units) and 2.2% HFIP at pH 7.4.
Data was recorded with constant stirring at 25ºC.
The Stern-Volmer analyses were performed by following the time course of fibril
formation via FC≡N fluorescence in buffers that contained increasing chloride concentrations
ranging from 20-120 mM Cl- at 20 mM intervals. Fluoride was used to keep the ionic strength
constant at a total ionic strength (NaCl, NaF and Tris HCl) of 120 mM in each assay. Fluoride
has no affect on FC≡N fluorescence. Final conditions were 32 µM peptide, 32 µM thioflavin-T,
100 mM salt, 20mM Tris HCl at pH 7.4 and 25ºC with constant stirring. F0 is defined as the
fluorescence in 20 mM Tris-HCl and 100 mM NaF. Stern-Volmer plots were generated for each
peptide at the 60 s. time point which is during the lag phase, at 200 s. which is near the end of the
lag phase and at 1000 s., which corresponds to fibril formation as judged by FC≡N and thioflavinT fluorescence.
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4.2.3 Transmission electron microscopy (TEM)
TEM was performed at the University Microscopy Imaging Center at the State University
of New York at Stony Brook. 15 µL samples from the end of the kinetic experiments were
placed on a carbon-coated 300-mesh copper grid and negatively stained with saturated uranyl
acetate.

4.2.4 FTIR measurements
FTIR spectra were measured on a Thermo Scientific Nicolet IS 10 FTIR spectrometer
with a resolution of 1 cm-1. All measurements were done using a CaF2 sample cell with a path
length of 75 µm.

The spectra were averaged for 500 scans for both the sample and the

background. Final conditions were 2.5 mM peptide as determined by weight in 20 mM Tris-HCl
at pH 7.4 and 2% HFIP.

4.3 Results
4.3.1 FC≡N substitutions do not perturb the kinetics of amyloid formation.
IAPP contains an amidated C-terminus, a disulfide bridge between residues 2 and 7 and
three aromatic residues: two phenylalanines at positions 15 and 23 and a tyrosine at position 37.
None of the aromatic residues are absolutely required for amyloid formation, although a triple
mutant in which each aromatic residue is replaced by Leu forms amyloid approximately 5-fold
more slowly than wild type (49). The sequence of wild type IAPP and the three FC≡N substituted
peptides are shown in Figure 4.1 along with a molecular representation of FC≡N.
The kinetics of amyloid formation for each of the three variants was followed by
thioflavin-T fluorescence and compared to wild type (Figure 4.2). Amyloid formation by IAPP
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follows the typical pattern observed for the time course of fibril assembly, namely, a lag phase
during which no significant fibril formation occurs followed by a rapid growth phase which leads
to the final state in which amyloid fibrils are in equilibrium with soluble peptide. Each of the
three variants exhibit a thioflavin-T binding time course typical of those observed for IAPP. The
substitution has no noticeable effect at positions 23 and 37 and the measured t50 values, defined
as the time to 50% completion, are identical to wild type (Table 4.1). An FC≡N substitution at
position 15 (F15FC≡N) has a small but reproducible effect on the t50 value. The t50 is reduced
from 960±60 seconds (the uncertainty is the apparent standard deviation determined from
multiple measurements) for wild type IAPP under these conditions to 876±10 seconds, less than
a 10% change. This is a modest effect and is less than has been observed for a number of other
substitutions (48-50). The lag times, tlag (defined as the time required to reach 10% of the total
fluorescence intensity), are also very similar to wild type. The lag times of each of the variants
differ from the wild type value by at most 8%. The maximum reaction velocities are also very
close to the value observed for wild type. Overall, the data indicates that FC≡N substitutions have
very modest effects on the time course of amyloid formation (Table 4.1). TEM images of each
FC≡N peptide were recorded at the end of the reaction to check if the substitution perturbed fibril
morphology. Dense mats of fibrils were observed for all three FC≡N variants and there were no
detectable differences relative to wild type IAPP (Figure 4.2).

4.3.2 The side chains of residues 15, 23 and 37 remain exposed during the lag phase.
Having established that the substitutions do not significantly perturb the overall kinetic
profile or the morphology of the fibrils, we next turned to use FC≡N fluorescence to probe fibril
formation. We plotted the data as normalized fluorescence to facilitate a comparison of the three
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variants and to normalize for any local sequence effects that might modulate FC≡N fluorescence
intensity in the absence of any defined structure. For example, proximity in primary sequence to
potential side chain quenchers. The non-normalized intensity of the t=0 spectra are very similar
for each FC≡N variant and differ by less than 10% suggesting that each site samples similar
environments at t=0 in terms of the relative exposure of the cyano group to solvent and/or
quenching groups. Stern-Volmer analysis of quenching data described in subsequent sections
indicates, however, that the cyano groups are less exposed to solvent early in the lag phase than
found in a GGFC≡NAA control peptide.
A significant change in FC≡N fluorescence is observed for all three peptides upon amyloid
formation (Figure 4.3 and Table 4.2), with the fluorescence intensity of the fibril state being
significantly lower. There are differences in the final relative fluorescence intensity between the
three FC≡N peptides that reflect differences in the local environment of the aromatic side chains.
The final FC≡N fluorescence intensity decreases to 40±1%, 26±1%, and 18±1% of their initial
values for the 15FC≡N, 23FC≡N and 37FC≡N IAPP variants, respectively.

The fluorescence

intensity of the fibril state was corrected for trace amounts of soluble IAPP present, as described
in the methods. The correction is very small and does not alter the conclusions since the ratios
are only changed by 3-4% (Figure 4.4). The decrease indicates that the cyano groups are less
solvated in the fibrils and/or are in closer proximity to a side chain, which quenches their
fluorescence. These effects are considered in more detail below in conjunction with the analysis
of the FTIR data.
The fact that each labeled site experiences a significant fluorescence change upon fibril
formation means that the FC≡N groups can be used as site-specific reporters. The time courses of
thioflavin-T fluorescence and FC≡N fluorescence are displayed in Figure 4.5 for each variant.
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The curves are normalized so that the total signal change varies from 0 to 1 in order to allow a
direct comparison. There are two striking observations: The first is that the FC≡N and thioflavinT fluorescence curves track each other extremely closely for each sample. The measured t50 and
tlag values determined by each method agree to within experimental uncertainty. The second is
that the t50 and tlag values are very similar for the different sites (Table 4.1 and Table 4.2). Note
that the FC≡N fluorescence remains high and constant during the lag phase for all peptides and
only begins to decline when thioflavin-T fluorescence starts to increase. This is an important
observation since it shows that the cyano groups do not become desolvated until final fibril
formation commences and also indicates that there are no significant changes in the distribution
of FC≡N-Tyr distances during the lag phase, or at least no changes that alter FC≡N-Tyr FRET
beyond those which occur during the 3 second dead time of the measurements. The constant
FC≡N fluorescence signal during the lag phase is not a consequence of the normalization since the
data was simply scaled on the y-axis by setting the maximum intensity to 1.0 and the minimum
intensity to 0. The non-normalized curves are shown in the Figure 4.6. The results are also not
an artifact caused by having thioflavin-T present during the FC≡N fluorescence measurements
since similar FC≡N time courses were observed in the presence and absence of thioflavin-T. The
measured t50 and tlag values determined by thioflavin-T and FC≡N fluorescence are listed in Table
4.1 and Table 4.2, respectively.

4.3.3 The side chains of residues 15, 23 and 37 are buried at the same rate during fibril growth.
The apparent maximum rate during the growth phase, which is equal to the rate at t=t50,
can be easily calculated by numerically differentiating the kinetic progress curves to obtain

dF (t )
, where F(t) is the fluorescence signal as a function of time. The rate reflects the
dt t =t50
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addition of soluble peptide to growing fibrils, either by binding to fibril ends or via secondary
nucleation. The values for the three FC≡N curves are similar, varying by less than a factor of two
(Table 4.2) and the values determined from the thioflavin-T curves (Table 4.1) are in good
agreement with the values deduced from the FC≡N data. The absolute velocity at t = t50, vmax, can
be calculated using a simple analytical relationship and the known concentration of IAPP
(Materials and Methods). The values calculated for the three FC≡N curves are similar and vary by
approximately 40%. The values determined from the thioflavin-T data (Table 4.1) are also in
good agreement with each other and with the absolute velocities calculated from the FC≡N data
(Table 4.2).
Seeding studies using wild type IAPP were performed to investigate the burial of the
FC≡N group as fibril formation occurs. Seeding reactions involve taking a small amount of
preformed fibrils and adding them to the start of a fresh kinetic reaction. The preformed fibrils
act as a “seed” and nucleate fibril formation, bypassing the lag phase typically seen during
amyloid formation. The times to reach 50% completion of the seeded reaction, denoted here as
ts50, were found to be 76, 90 and 96 s. for the 15FC≡N, 23FC≡N and 37FC≡N IAPP variants,
respectively (Figure 4.7), based on the FC≡N fluorescence. These are modest differences and are
even less when normalized by the respective t50 for the non-seeded reaction.

As noted

previously, the F15FC≡N substitution leads to a small, but reproducible, decrease in the t50 for a
non-seeded reaction. The modest perturbation induced by the FC≡N replacement at position 15
can be accounted for by normalizing each value of the seeded t50 by the respective non-seeded t50,
s
t 50
. The ratios (Table 4.1) vary by less than 10%, reinforcing the conclusions derived from the
t 50

calculation of the rates at t50.
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4.3.4 Fluorescence quenching studies confirm that the side chains of residues 15, 23 and 37
remain exposed during the lag phase.
Chloride is an efficient quencher of FC≡N fluorescence and was used to probe the
exposure of the FC≡N group throughout the time course of fibril formation by conducting kinetic
experiments in the presence of increasing concentrations of Cl-, 20-120 mM (23). Stern-Volmer
plots were constructed to quantitatively measure exposure of the FC≡N groups in IAPP relative to
a control peptide. As a control, a five residue peptide (GGFC≡NAA) was used to determine the
Stern-Volmer constant (KSV) for a fully exposed (solvated) FC≡N residue. Significant changes in
the ratio of the fluorescence measured in the absence (F0) and presence (F) of quencher were
detected over the range of 20 to 120 mM Cl-. The value of KSV for the pentapeptide was found
to be 9.3 M-1 (Figure 4.8).
The rate of amyloid formation by IAPP is strongly dependent upon ionic strength and the
t50 value was found to decrease from 960 s. for wild type at 20 mM ionic strength (20 mM TrisHCl) to 406 s. for 120 mM ionic strength (20 mM Tris-HCl, 100 mM NaCl). The t50 value
continues to decrease at higher ionic strengths. IAPP is a cationic peptide and the salt effect is
likely due to the screening of unfavorable charge-charge interactions (51). Thus, the Clquenching experiments were conducted using NaF to maintain constant ionic strength at 120
mM. Fluoride has no impact on FC≡N fluorescence. We tested for ion specific effects and found
no differences in the kinetics of fibril formation caused by the substitution of F- for Cl-. Thus,
NaF is a good salt for maintaining constant ionic strength. KSV values of 4.1±0.6, 3.9±0.5 and
3.9±0.1 M-1 were measured for the 15FC≡N, 23FC≡N and 37FC≡N IAPP peptides, respectively, early
in the lag phase (60 s.) (Figure 4.9 and Table 4.3). These values are less than 50% of the value
observed for the control peptide suggesting that partial sequestration of the FC≡N groups from the

101
	
  

	
  

quencher occurs within the dead time of the experiment, or that the polypeptide samples
conformations in its monomeric state which leads to partial protection or that neighboring
residues provide more protection of the cyano group from quenchers in IAPP than in the control
peptide.
The KSV values remain constant throughout the lag phase (Figure 4.9 and Table 4.3).
Near the end of the lag phase (200 s.) the KSV values are 4.0±0.4 M-1 for the F15FC≡N variant and
3.7±0.3 M-1 for both the F23FC≡N and the Y37FC≡N variants.

These values are within

experimental uncertainty of each other and are within experimental uncertainty of the values at
60 s. Statistically significant differences were observed, however, when fibril formation was
complete. KSV values of 2.0±0.2, 1.3±0.2 and 1.5±0.03 M-1 were measured for the 15FC≡N,
23FC≡N and 37FC≡N IAPP peptides respectively at 1,000 s. (Figure 4.9 and Table 4.3). The
experiments show that all three sites are equally exposed, within the precision of the quenching
studies, during the initial stages of fibril assembly, but differences are observed in the final state,
with residue 15 exhibiting a larger KSV as compared to positions 23 or 37. This is in good
agreement with the fluorescence intensities. Linear Stern-Volmer plots are observed for all three
variants at all three times, consistent with the FC≡N residues sampling relatively homogenous
environments, in terms of their exposure to quencher.

4.3.5 IR measurements probe the environment of the cyano groups in the fibril state.
As noted previously, the cyano group is an environmentally sensitive IR probe and this
provides an independent means to test the conclusions derived from the fluorescence
measurements (29). The expected frequency of an FC≡N group in water is 2237 cm-1 while in a
non-polar solvent it is red shifted to 2228 cm-1 (30). The IR frequency of all three IAPP FC≡N
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variants in the fibril state differ from the GGFC≡NAA control peptide and all are red shifted,
indicating that the FC≡N groups are less exposed to water. Interestingly, clear differences are
observed for the three peptides (Figure 4.10 and Table 4.3). The IR frequency of the cyano
labels at position 23 and 37 are within 1 cm-1 of each other (2229 cm-1 and 2230 cm-1,
respectively), while the band for 15FC≡N is the least red shifted (2233 cm-1) and closer to the
control peptide (2236 cm-1). This is consistent with a higher solvent exposure and in excellent
agreement with the observed FC≡N fluorescence intensities and with the quenching studies.

4.4 Discussion and Conclusions
We have shown that the FC≡N IAPP derivatives are non-perturbing probes of amyloid
formation by IAPP and have demonstrated that they allow amyloid formation to be followed by
fluorescence emission, fluorescence quenching and IR. The data is remarkably self-consistent
with the final fluorescence intensity, the Stern-Volmer analyses and the IR measurements,
indicating that the FC≡N group at position 15 is more exposed in the fibril. Tycko and coworkers
have used solid state NMR to develop two models of the amyloid fibril. F15 is the only aromatic
residue of the three aromatic groups that resides in the β-sheet core, while F23 is located in a
bend and Y37 appears partially exposed at the C-terminus (52). Interestingly, one of the models
developed from the solid-state NMR constraints places F15 in a relatively solvent exposed
position while the second model has it buried. Our data is consistent with the model that places
F15 in the more exposed position. An alternative possibility is that the cyano group at position
15 is forming hydrogen bonds with another residue, since this will lead to increased
fluorescence. Both of the solid-state models place the side chains of residues F23 and F37 in
relatively exposed positions that, at first glance, may appear to be inconsistent with the
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fluorescence and IR data. However, it is very important to remember that the details of fibril
structure are sensitive to conditions and the material for the solid-state NMR studies was
prepared using a lengthy procedure to produce a single polymorph. These conditions were
necessary to achieve a homogenous sample, but are not compatible with real time kinetic
experiments and differ from the ones required here. Thus, it should not be surprising that slight
differences are observed between the present study and the NMR structures. Irrespective of any
apparent minor ambiguities in fibril structure, we believe that the most interesting results are
derived from the time-resolved studies.
To the best of our knowledge, this work represents the first study that monitors the side
chain exposure of specific residues during amyloid formation by IAPP in real time. Our timeresolved fluorescence intensity measurements and Stern-Volmer analyses indicate that the FC≡N
groups are exposed throughout the entire lag phase, but are less exposed than expected for a fully
solvated FC≡N group. These results indicate that significant sequestering of the aromatic side
chains does not occur until β-structure sufficient to bind thioflavin-T has developed.

The

seeding studies and analysis of the maximum rates further confirm that sequestering of the FC≡N
groups occurs concomitantly with the development of thioflavin-T binding capability. Overall,
the ordering of the side chains during amyloid formation and growth appears to be remarkably
homogenous for the conditions used here (2% HFIP, pH 7.4 and constant stirring). Any models
of lag phase intermediates need to take this into account.
Helical intermediates have been proposed to play a role in the early stages of amyloid
formation by IAPP and Eisenberg and co-workers have proposed a model involving a partially
helical dimer in which inter-helical contacts occur in the region near F15 (11, 48, 53). Our data
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indicates that whatever the nature of the intermediate, it does not involve tight specific contacts
which bury the aromatic side chain and remove them completely from water.
Weak FRET can be detected between Phe and Tyr and this effect was exploited in early
studies of IAPP fibril formation (46). A 48% FRET efficiency was observed during the lag
phase and was interpreted to indicate compaction of the chain during the lag phase, although the
results are difficult to interpret in terms of specific pairwise distances since FRET could occur
from either or both of the two Phe residues (46). Recent NMR-based diffusion measurements, as
well as independent triplet quenching studies of a Y37W mutant, albeit performed under
different conditions, also provide evidence that human IAPP samples compact conformations
prior to amyloid formation (54, 55). As noted above, FC≡N fluorescence is quenched by FRET to
Tyr and this provides an independent means of assessing compaction. The Förster distance (R0)
for a FC≡N-Tyr pair is on the order of 12-13 Å. F15-Y37 distances ranged from 22 to 26 Å in the
solid-state NMR model in which F15 is solvent exposed and 23 to 24 Å in the model in which
F15 is buried. The F23-Y37 distances were measured to be from 6 to 13 Å in the model in
which F15 is solvent exposed and 7 to 12 Å in the model in which F15 is buried. Thus, one
would expect a significant increase in FRET involving FC≡N at position 23 and a corresponding
decrease in fluorescence intensity if the polypeptide went from an extended conformation to a
compact conformation, which approximated the fibril structure during the lag phase. The present
data clearly indicates that this does not occur under the conditions of our experiments or if it
does, it does so very rapidly in the initial stages of the lag phase that correspond to the dead time
of our studies, since we detect no significant changes in FC≡N intensity during the lag phase.
These observations place significant constraints on the conformation of lag phase intermediates.
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The use of FC≡N is not limited to IAPP and can be applied to other systems. For example,
both Aβ and α-synuclein contain multiple Phe and Tyr residues, 4 in Aβ and 6 in α-synuclein,
but lack Trp. FC≡N analogs should also be useful for probing the interaction of amyloidogenic
proteins with inhibitors and with membranes. Lifetime measurements also offer the possibility
of obtaining more detailed information about local dynamics.
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4.5 Figures
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Figure 4.1: Primary sequence of human IAPP, with positions 15, 23 and 37 highlighted in red,
and the three FC≡N variants. IAPP contains a disulfide between residues 2 and 7 and the Cterminus is amidated. X denotes the location of the FC≡N substitutions. Below, in red, shows the
structure of p-cyanophenylalanine.
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Figure 4.2: Thioflavin-T monitored kinetics of the FC≡N variants of IAPP compared to wild type,
together with TEM images of the FC≡N variants collected at the end of the reaction. Red curves
are FC≡N variants and the black curve is wild type IAPP. A and B, IAPP F15FC≡N; C and D,
IAPP F23FC≡N; E and F, IAPP Y37FC≡N. The scale bar in the TEM images represents 100 nm.
Final conditions were 32 µM peptide, 2% HFIP, 20 mM Tris-HCl at pH 7.4 and 25 ºC.
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Figure 4.3: Fluorescence emission spectra of the FC≡N variants of IAPP collected at the start of
the fibrillization reaction (black) and after amyloid formation is complete with any contributions
from monomers subtracted out (see Material and Methods) (red). A, 15FC≡N; B, 23FC≡N; C,
37FC≡N. Fluorescence was excited at 240 nm. Final conditions were 32 µM peptide, 2% HFIP,
20 mM Tris-HCl at pH 7.4 and 25 ºC.
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Figure 4.4: Comparison of the fluorescence emission spectra recorded at the start of a kinetic
run (black curves) and the uncorrected spectra recorded at the end of the run, i.e. the fibril state
(red curves). Also shown are the spectra of fibril solutions after filtration through a 10,000 Da
molecular weight ultrafiltration device by sedimentation (blue curves). The curves represent the
contributions from soluble IAPP present at the end of the kinetic run (see Methods). The
contribution is very small and leads to a trivial change in the ratio of initial fluorescence to final
fluorescence. The ratio for F15FC≡N is 0.40 for the corrected spectra, 0.44 for the uncorrected
spectra; for F23FC≡N it is 0.26 corrected and 0.30 uncorrected; for Y37FC≡N it is 0.18 corrected
and 0.21 uncorrected.	
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Figure 4.5: The kinetics of amyloid formation of the FC≡N variants of IAPP as monitored by
FC≡N fluorescence (red) and thioflavin-T fluorescence (black). A, 15FC≡N; B, 23FC≡N; C, 37FC≡N.
FC≡N fluorescence was excited at 240 nm and thioflavin-T fluorescence was excited at 450 nm.
Final conditions were 32 µM peptide, 2% HFIP, 20 mM Tris-HCl at pH 7.4 and 25 ºC.
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variants with final conditions of 32 µM peptide, 2% HFIP and 20 mM Tris-HCl at pH 7.4 and 25
ºC.
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Figure 4.7: Seeding of FC≡N variants of IAPP by wild type IAPP. Black curves, thioflavin-T
fluorescence. Red curves, FC≡N fluorescence. A, 15FC≡N; B, 23FC≡N; C, 37FC≡N. Experiments
were performed by adding the various FC≡N variants of IAPP to preformed seeds of wild type
human IAPP. Final conditions were 32 µM peptide, 3.2 µM seed (in monomer units), 2.2%
HFIP, 20 mM Tris-HCl at pH 7.4 and 25 ºC.
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Figure 4.8: Stern-Volmer plot for Cl- quenching of the GGFC≡NAA control peptide with final
conditions of 32 µM peptide, 2% HFIP, 20 mM Tris-HCl, 100 mM salt (NaCl and NaF) at pH
7.4 and 25 ºC.
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Figure 4.9: Stern-Volmer analysis of chloride induced quenching of FC≡N fluorescence. Data
collected early in the lag phase (60 s.) is plotted in black, data collected near the end of the lag
phase (200 s.) is plotted in blue and data collected after completion of fibril formation (1,000 s.)
is plotted in red. A, 15FC≡N; B, 23FC≡N; C, 37FC≡N. Samples contained various concentrations of
Cl- and constant ionic strength was maintained by addition of F-. Final conditions were 32 µM
peptide, 2% HFIP, 20 mM Tris-HCl, 100 mM salt (NaCl and NaF) at pH 7.4 and 25 ºC. All
samples contained at least 20 mM Cl- and the fluorescence in 100 mM NaF, 20 mM Tris-HCl is
defined as F0.
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determined from the thioflavin-T detected kinetic experiments. Experiments were performed at
	
   25 ºC, pH 7.4 and 2% HFIP with constant stirring.

The quoted uncertainties represent the

standard deviation calculated from three independent runs.
4.6 Tables

dF (t )
dt t

(s-1)

vmax
(nM/s)

ts50/t50

841±16

4.48±0.71 x10-3

158±3

0.087

967±41

875±40

3.12±0.08 x10-3

155±15

0.094

37FCŁ1

1013±100

935±75

4.15±0.11 x10-3

142±8

0.096

WT

960±60

870±66

4.86±0.21x10-3

168±13

-

t50 (s)

tlag (s)

15FCŁ1

899±10

23FCŁ1

t50

!

Table 4.1: Time course of amyloid formation for wild type IAPP and the FC≡N variants as
determined from the thioflavin-T detected kinetic experiments. Experiments were performed at
25 C, pH 7.4 and 2% HFIP with constant stirring. The quoted uncertainties represent the standard
deviation calculated from three independent runs.

!

"#!

117
	
  

CŁ1

CŁ1

quoted uncertainties represent the standard deviation calculated from three independent runs.
	
  

Ratio of Final to
Initial Fluorescence

t50 (s)

tlag (s)
811±20

dF (t )
-1
dt t t50 (s )
6.73±1.0 x10-3

vmax
(nM/s)
258±17

15FCŁ1

0.44 ± 0.01

876±10

23FCŁ1

0.30 ± 0.01

957±41

842±44

3.82±0.41 x10-3

168±12

37FCŁ1

0.21 ± 0.02

997±100

909±85

3.5±0.19 x10-3

151±15

Table 4.2: Ratio of final to initial FC≡N fluorescence and the time course and kinetic parameters
of amyloid formation of the FC≡N variants as determined from the FC≡N fluorescence assays. The
quoted uncertainties represent the standard deviation calculated from three independent runs.
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Table-3: Stern-Volmer constants, IR peak positions and bandwidths for the FCŁ1 variants of
IAPP and the GGFCŁ1AA control peptide.

	
  

Stern-Volmer Constants (KSV)
t = 60 s.

t = 200 s.

t = 1,000 s.

IR Peak
Position

Bandwidth

15FCŁ1

4.1±0.6 M-1

3.9±0.5 M-1

2.0±0.2 M-1

2233 cm-1

14 cm-1

23FCŁ1

3.9±0.5 M-1

3.7±0.5 M-1

1.3±0.2 M-1

2229 cm-1

14 cm-1

37FCŁ1

3.9±0.1 M-1

3.7±0.3 M-1

1.5±0.03 M-1

2230 cm-1

14 cm-1

-

-

2236 cm-1

11 cm-1

GGFCŁ1AA(a)

9.3 M-1

(a) The control peptide does not aggregate and its KSV value is independent of time.
Table 4.3: Stern-Volmer constants, IR peak positions
and bandwidths for the FC≡N variants of
IAPP and the GGFC≡NAA control peptide. (a) The control peptide does not aggregate and its KSV
value is independent of time.
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Chapter 5. Ionic Strength Effects on Amyloid Formation, a Complicated Interplay
Between Debye Screening, Ion Selectivity, and Hofmeister Effects
	
  
	
  

Abstract
Amyloid formation has been implicated in a wide range of human diseases. The rate and
extent of amyloid formation depends on solution conditions including pH and ionic strength.
Amyloid fibrils often adopt structures with parallel, in-register β-sheets, which generate quasiinfinite arrays of aligned side chains. This can lead to significant electrostatic interactions
between adjacent polypeptide chains. The effect of ionic strength and ion composition on the
kinetics of amyloid formation by islet amyloid polypeptide (IAPP) is examined.

IAPP is

responsible for islet amyloid formation in type-2 diabetes and is a basic 37-residue polypeptide.
The kinetics of IAPP amyloid formation are strongly dependent on ionic strength, varying by
more than a factor of 10 over the range of 20 to 600 mM NaCl at pH 8.0, but the effect is not
entirely due to Debye screening. At low ionic strengths the rate depends strongly on the identity
of the anion, varying by a factor of nearly four, with the fastest rate observed for sulfate and the
slowest with fluoride. The kinetics scale with the electroselectivity series, implicating anion
binding. At high ionic strengths the variation in rate is much smaller, varying by only 8% and
scales with the Hofmeister series. At intermediate ionic strengths no clear trend is detected,
likely because of competition between different effects. The effects of salts on the growth phase
and lag phase of amyloid formation are strongly correlated. The rate also depends strongly on
ionic strength at pH 5.5 where the net charge on IAPP is larger, however, the effect of different
anions scales with the electroselectivity series at all salt concentrations.
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NOTE: The material presented in this chapter has been written for submission and publication to
Biochemistry (Peter Marek, Daniel P. Raleigh. “Ionic Strength Effects on Amyloid Formation, a
Complicated Interplay Between Debye Screening, Ion Selectivity, and Hofmeister Effects.”).
This chapter contains direct excerpts from the manuscript, which was written by me with
suggestions and revisions from Professor Daniel P. Raleigh.

5.1 Introduction
Amyloid fibrils are highly stable, fibrous, protein aggregates, containing significant
cross-beta structure and have been implicated in the pathology of a number of human diseases
including Alzheimer’s, Parkinson’s and type 2 diabetes. Proteins that form amyloid can be
divided into two broad structural classes; those which adopt a compact well-defined structure in
their non-aggregated state and those that are highly flexible and do not fold into a globular
structure in their monomeric states, i.e. are natively unfolded. Important examples of the latter
class include the Aβ peptide of Alzheimer’s disease and islet amyloid polypeptide (IAPP,
amylin), the major component of the islet amyloid associated with type 2 diabetes.
The ability of a polypeptide to form amyloid is dependent on a range of factors;
sequences that are rich in hydrophobic amino acids with a high β-sheet propensity, lack prolines
and have a low net charge have high amyloidogenic propensity (1-6). Changes in the local
environment of a normally soluble polypeptide can trigger and influence the rate of amyloid
formation. These factors can include changes in pH, temperature, pressure, alterations in the
solvent or co-solvent composition, interactions with membranes or components of the
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extracellular matrix and changes in ionic strength (7-12). The structured regions in amyloid
fibrils often adopt parallel, in-register β-strands. This leads to quasi-infinite stacks of identical
residues and the in-register structure means that there is the potential for significant electrostatic
interactions in amyloids (6, 13-15). Ionic strength dependent studies of amyloid formation have
revealed that ions can greatly influence the kinetics and thermodynamics of the aggregation
process (15-18). The effects differ from protein to protein, the underlying causes of which can
be difficult to understand or interpret, in part because as many studies have been restricted to the
use of one or only a few salts. Here, we analyze the ability of a wide range of salts to influence
amyloid formation by islet amyloid polypeptide (IAPP, amylin) at pH 5.5 and 8.0. IAPP is one
of the most amyloidogenic naturally occurring polypeptides and the process of islet amyloid
formation is believed to contribute to type 2 diabetes and to the failure of islet cell transplants
(19-21).

The 37-residue polypeptide has no negatively charged groups, the C-terminus is

amidated, and contains four potential positively charged groups. They are the N-terminus, Lys1, Arg-11 and His-18 (Figure-1).
As a monomer, IAPP populates a fluctuating ensemble of conformations with modest
local propensity to sample α-helical ϕ, ψ angles in the N-terminal half to two-thirds of the
molecule, but is rich in β-sheet in the amyloid state (22, 23). IAPP carries a +2 to +4 charge at
physiological pH depending on the protonation state of His-18 and the N-terminus. The kinetics
of amyloid formation by IAPP is highly dependent on the pH, and is influenced significantly by
the protonation state of His-18 and the N-terminus (15, 24). At low pH where the His is
protonated, the time for amyloid formation is much longer than at pH’s where it is deprotonated
(15). The early stages of IAPP amyloid formation will involve oligomerization of the cationic
peptide and the unfavorable electrostatic repulsion needs to be overcome by other interactions.
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Growth of the amyloid fibrils will involve binding of soluble IAPP to fibril ends and will also
involve unfavorable electrostatic effects.
IAPP is processed in parallel with insulin and stored in the insulin secretory granule (25,
26).

The intragranular environment is significantly different from extracellular conditions.

Immature granules have a depressed pH, ~5.5, relative to the extracellular environment. Insulin
is packaged in a semi-crystalline form in the core of the granule, while IAPP is localized in the
so-called halo region (27-31). The granule contains high concentrations of Zn2+ (20 mM), which
is primarily associated with insulin, Ca2+ (120 mM), Mg2+ (70 mM), HPO42- (70 mM) and
adenine nucleotides (10 mM) (29, 32).
Much of our knowledge of ion-protein interactions is gleaned from studies with soluble
globular proteins (33). Quantitative studies of the effects of salts on proteins date back to
Hofmeister’s observations in the late 1800’s that different ions salted-out proteins from egg
white with varying effectiveness (34). Salts can influence protein stability by specific binding,
by altering the properties of the protein-solvent system (Hofmeister effects) and by screening of
electrostatic interactions (Debye-Hückel effects). At high ionic strengths ions are thought to
exert their influence through non-specific clustering around charged protein groups, causing
stabilizing charge-charge electrostatic interactions to decrease in strength, referred to as DebyeHückel screening. In a similar manner, repulsive interactions are screened as well, allowing the
forces that govern intermolecular association to predominate. Given that many amyloid fibrils,
including those formed by IAPP, contain arrays of like-charges, screening effects are likely to
stabilize amyloids. So-called Hofmeister effects can also contribute at high ionic strength and
arises from the effects of ions on the properties of water (33, 35). The Hofmeister series ranks
ions on their ability to precipitate proteins. The effect of different ions can be quantified in a
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variety of ways; one useful method involves the Jones-Dole viscosity equation, specifically the
B-coefficient, which is a measure of the strength of ion-water interactions normalized to the
strength of water-water interactions in bulk solution. Ions with a positive B-coefficient, termed
kosmotropes, are strongly hydrated, small ions of high charge density and promote the stability
and folding of globular proteins, and decrease protein solubility. Conversely, chaotropes have a
negative B-coefficient, are weakly hydrated and “salt-in” proteins. The order with which anions
precipitate proteins is as follows:
HPO42- > SO42- > F- > Cl- > Br- > I- > SCNF- and Cl- represent the split between kosmotropes and chaotropes, respectively.
Although cations can also be ranked according to the Hofmeister series, the effects are often
dominated by anions, which are more strongly hydrated and have a greater effect on polarizable
molecules. Ions may also specifically interact with charged or polar groups of a peptide, the
strength of which is often reflected in the affinity of ions for an ion-exchange resin, the so-called
electroselectivity series (36-38).

For monovalent ions, the electroselectivity series scales

inversely with the Hofmeister series.
Here we show that increasing the ionic strength of a solution of IAPP monomers
significantly increases the rate at which IAPP forms fibrils. The effects were examined at pH
5.5, where IAPP will has a net charge of +4, and at pH 8.0, where the net charge is close to +2,
the exact value depending on the pKa’s of His-18 and the N-terminus. We chose pH 5.5 because
it is comparable to the inner granule pH of β-cells and pH 8.0 because the rate of amyloid
formation is less sensitive to small pH changes at this value than it is at pH 7.4. The effects
include more than simple Debye-Hückel screening since significant variations are observed
between different anions at constant ionic strength. At lower ionic strengths at pH 8.0 the ability
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of an anion to induce fibril formation is dependent on its order in the electroselectivity series,
suggesting that ion binding plays a role. As the ionic strength is raised at pH 8.0, the dependence
of the electroselectivity series disappears, possibly due to competing effects from the Hofmeister
effect together with screening effects. At high ionic strength the variation is much smaller than
at low ionic strengths and the Hofmeister effect appears to account for the observed inter-anion
variation. In contrast, at pH 5.5 the effect of different anions scales with the electroselectivity
series at all ionic strengths.

5.2 Materials and Methods
5.2.1 Peptide Synthesis and Purification
IAPP was synthesized on a 0.25 mmol scale using a CEM Liberty Microwave Peptide
Synthesizer utilizing 9-fluorenylmethoxycarbonyl (Fmoc) chemistry. All solvents used were
ACS grade. The microwave method and the use of Fmoc-protected pseudoproline dipeptide
derivatives have been described previously (39, 40). Fmoc amino acids and pseudoproline
dipeptide derivatives were purchased from Novabiochem. All other reagents were purchased
from Sigma and Fisher Scientific. Use of a 5-(4'-Fmoc-aminomehtyl-3', 5-dimethoxyphenol)
valeric acid (PAL-PEG) resin (Novabiochem) afforded an amidated C-terminus. Residues A8T9 and L27-S28 were attached to the growing peptide chain as pseudoproline dipeptide
derivatives and double coupled. The following residues were also double coupled: N3 through
C7, R11, L16, V17, I26, T30 and V32. The peptide was cleaved from the resin through the use
of standard trifluoroacetic acid (TFA) methods; ethanedithiol, thioanisole and anisole were used
as scavengers. The disulfide bond was formed via incubation in DMSO (41, 42). IAPP was
purified via reverse-phase high performance liquid chromatography (RP-HPLC) using a Vydac
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C18 preparative column. A two buffer system was utilized in which buffer A consisted of
0.045% HCl in H2O (v/v) and buffer B of 80% acetonitrile and 0.045% HCl in H2O (v/v). TFA
was avoided since small amounts of TFA can influence aggregation rates. The purity of the
peptide was checked by HPLC using a Vydac C18 analytical column and the identity was
confirmed by matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS); observed 3903.9 Da, expected 3903.4. Da.

5.2.2 Fluorescence Assays
All fluorescence assays were performed on a Beckman Coulter DTX 880 Multimode
Detector plate reader. Thioflavin-T fluorescence was measured utilizing a 430 nm excitation
filter (Beckman Coulter) with a 35 nm bandwidth and a 485 nm emission filter with a 20 nm
bandwidth. The assays were performed in a Corning 96-well Non-Binding Surface black plate
with a lid and a clear, flat bottom in bottom plate-reading mode. IAPP was prepared by
dissolving the peptide in 100% hexafluoroisopropanol (HFIP) to a concentration of 1.58 mM and
filtering through a 0.45 µm GHP Acrodisc filter once the peptide was fully dissolved. This
solution was lyophilized to remove the HFIP. The lyophilized IAPP was dissolved in 10 mM
Tris, pH 8.0 buffer to a stock concentration of 1.58 mM and immediately diluted to a
concentration of 32 µM in each salt solution. For the pH 8.0 experiments, 1 M ionic strength salt
solutions of Na2HPO4, Na2SO4, NaSCN, NaI, NaBr, NaCl, NaF, KCl and LiCl were prepared in
10 mM Tris-HCl, pH 8.0. Phosphate is approximately 86% HPO42- at this pH. The 1 M salt
solutions were diluted to 20, 100, 200, 400, 600 and 800 mM ionic strength solutions using 10
mM Tris buffer and the addition of peptide. The solutions also contained 32 µM thioflavin-T.
For the pH 5.5 experiments, salt solutions were prepared as for the pH 8.0 experiments, but in
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the presence of 10 mM MES buffer, pH 5.5. Phosphate is approximately 98% H2PO4- at this pH.
The pH was checked after all samples were prepared. Reactions were incubated at 25°C in the
plate reader with no agitation. Data points were recorded every 300 s for the first 8 hours and
every 900 s thereafter. Data were fit to the expression:

r (t ) = (m1 + t + r1 )α + (m2 + t + r2 )(1 − α )

(1)

where α = (1 + e (( t50 −t ) / τ ) ) −1 . Equation-1 describes a sigmoidal curve. The fit yields t50, the time
at which amyloid formation is 50% complete, as judged by the fluorescence response. The
apparent maximum rate at t = t50, or vmax, is calculated by converting the time constant of the
transition, τ, to vmax by the equation
vmax =

[!"##]!!!
!!

(2)

where [IAPP]t=0 is the concentration of IAPP at the start of the reaction. The length of the lag
phase, tlag, was calculated by the equation tlag = t50 - 2τ.

5.2.3 Transmission Electron Microscopy (TEM)
TEM was performed at the University Microscopy Imaging Center at the State University
of New York at Stony Brook. 15 µL samples from the end of the kinetic experiments were
placed on a carbon-coated 300-mesh copper grid and negatively stained with saturated uranyl
acetate.

5.3 Results
IAPP is a basic protein with single Lys, Arg and His residues and a positive charge from
the N-terminus (Figure 5.1). There are no negatively charged groups on account of the amidated
carboxyl C-terminus.

Depending on the protonation state of the His residue, and N-terminus,
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IAPP carries a +2, +3 or +4 charge at the physiological pH 7.4. In the solid-state NMR derived
models from the Tycko group, IAPP forms in-register, parallel β-sheets with residues 8-17 and
28-37 comprising the two β-strand segments and residues 18-27 forming a loop or bend
connecting the two strands (Figure 5.1). Two stacks of IAPP monomers pack together in a
symmetric arrangement. The main chain hydrogen bonds are between adjacent monomers in a
given stack. Arg-11 (Figure 5.1, blue) is the only charged residue located within a β-strand. In
this model both Lys-1 (Red) and His-18 (Cyan) are located in more disorded regions, at the Nterminus and the start of the loop, respectively.

5.3.1 The rate of IAPP amyloid formation depends strongly on ionic strength.
We first examined salt-dependent effects at pH 8.0. The kinetics of amyloid formation
by IAPP in the presence of various salts was followed by thioflavin-T fluorescence. ThioflavinT is negligibly fluorescent in the absence of amyloid, but exhibits a significant increase in
quantum yield upon binding to amyloid. The aggregation of IAPP can be described by a
sigmoidal curve with a well-defined lag phase in which monomers and oligomers dominate the
population, followed by a growth phase during which fibrils elongate.

The ability of salts to

induce the aggregation of IAPP was tested at 20, 100, 200, 400, 600 and 800 mM ionic strength.
10 mM Tris at pH 8.0 was present in all reactions and sodium was used as the counter-ion for all
of the anions tested. pH 8.0 was chosen because minor variations in pH have only a small effect
on amyloid kinetics at this pH, but have a significant effect at pH 7.4. Additional experiments
were conducted with a set of chloride salts in order to probe the consequences of varying the
cation.
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The addition of salt increases the rate at which fibril formation occurs. Figure 5.2
displays the thioflavin-T kinetic curves for IAPP in the presence of increasing concentrations of
NaCl, the weakest or most neutral chaotropic salt examined. Increasing the NaCl concentration
leads to a reduction in both the lag phase and the value of t50, the time required for the thioflavinT signal change to reach half its maximum value. At 30 mM ionic strength (20 mM NaCl and 10
mM Tris-HCl) the t50 was 1343 minutes while it was only 128 minutes at 610 mM ionic strength
(600 mM NaCl with 10 mM Tris-HCl). Further addition of salt eliminates the lag phase. At 800
mM added salt, fibril formation had already begun during the dead time of the experiment (data
not shown) for nearly all of the anions and kinetic parameters could not be calculated.

5.3.2 The rate of amyloid formation depends on the choice of anion, but is less dependent on the
choice of cation.
To probe the kinetics of amyloid formation by IAPP in the presence of different anions,
thioflavin-T kinetic reactions were conducted in the presence of the monovalent salts SCN-, I-,
Br-, Cl- and F- and the divalent salts HPO42- and SO42-, at the ionic strengths listed above. Na+
was the counter ion for all reactions. A plot of the log (1/t50) versus the ionic strength (I) from
30 to 610 mM for the monovalent salts SCN-, I-, Br-, Cl- and F- at pH 8.0 is shown in Figure 5.3a.
The kinetics of amyloid formation are complex, involving multiple steps and likely parallel
pathways. It is thus difficult, if not impossible, to extract microscopic rate constants from single
thioflavin-T curves. We use 1/t50 as a proxy for the rate of amyloid formation and plotted its log
since ionic strength effects on rates are usually plotted in this fashion. All of the salts decreased
the t50 of fibril formation compared to buffer at all concentrations tested. As the ionic strength is
increased the rate of amyloid formation increases for all salts, however, the trend does not follow
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the form expected if the t50 or log (1/t50) depends solely on electrostatic screening, the
Hofmeister effect or direct anion binding.

Electrostatic screening has been modeled using a

Debye-Hückel limiting law √! dependence expected for the activity coefficient of an ion, as well
as using a relationship that predicts that the screening of charges should have a ! !√! dependence
on ionic strength. The plots of the log (1/t50) versus either √! or ! !√! over the range of ionic
strengths examined are both clearly non-linear (Figure 5.3b and 5.3c, respectively). In addition,
different ions exert different effects at the same ionic strength. These observations show that
ionic strength effects cannot be due to just Debye-Hückel screening.
Figure 5.4 displays the kinetic curves of all the salts at pH 8.0 at 30 mM total ionic
strength. All of the salts decreased the lag phase and the t50 of fibril formation compared to
buffer alone, but there is significant variation between the different anions. The order with
which anions induce amyloid formation by IAPP under these conditions is as follows: SO42- >
HPO42-> SCN- > I- > Br- > Cl- > F-. The values of t50 ranged from 421 minutes in sulfate to
1,574 minutes in fluoride. The effect of varying the cation on the kinetics of amyloid formation
was also probed at both 30 mM and 610 mM ionic strengths (Figure 5.5). Li+, K+ and Na+ were
tested with Cl- used as the counter-ion. There is no major difference among the cations tested at
both low and high ionic strength.

5.3.3 At pH 8.0, anionic selectivity is important at low ionic strength and Hofmeister effects are
important at high ionic strength.
Comparing the rates of fibril formation in the presence of various salts reveals that the
different anions influence the rate of amyloid formation by IAPP to varying extents.

To

distinguish if the effect of different anions on fibril formation by IAPP is dependent on
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Hofmeister effects or direct anion binding, the rate of fibril formation (1/t50) was plotted versus
either the B-coefficient of each anion, a measure of the Hofmeister effect, or the
electroselectivity series. At pH 8.0 at the lowest ionic strength, the rate of fibril formation scales
inversely with the Hofmeister series for the monovalent salts, but follows the order of the
electroselectivity series (Figure 5.6b and 5.6a, respectively). As the ionic strength is increased
the correlation with the electroselectivity series disappears and no correlation is observed in the
plot for 110, 210 and 410 mM ionic strengths (Figures 5.6c-h). At the highest ionic strength, 610
mM, the dependence on the identity of the anion is the opposite of that observed at 30 mM,
although the variation caused by changing the anion is much smaller at high salt, varying by 8%,
than at low salt. At 610 mM at pH 8.0, the 1/t50 scales with the B-coefficient of the Hofmeister
series for all salts, with the exception of NaSCN (Figure 5.6j) and little correlation is observed
with the electroselectivity series (Figure 5.6i). At intermediate salt concentrations no clear
trends are observed.

The lack of a clear correlation with the Hofmeister effect or the

electroselectivity series at intermediate salt concentrations is likely due to competition between
the different effects.
Salts can precipitate proteins into amorphous aggregates as well as into ordered fibrils,
hence it is important to confirm that IAPP still forms amyloid under the conditions investigated.
Consequently, we used TEM to examine the morphology of the material formed in the presence
of each salt at low added salt (30 mM) and high added salt (610 mM). Amyloid fibrils were
observed in all cases (Figure 5.7). There was no significant difference in the morphology at
either concentration across the range of anions compared to fibrils formed in buffer alone.
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5.3.4 At pH 5.5, anionic selectivity is important at both low and high ionic strength.
The rates of fibril formation were measured as above, but at pH 5.5. A significant
dependence of the rate of amyloid formation on ionic strength is also observed at pH 5.5.
Increasing the NaCl concentration leads to a reduction in both the tlag and t50, similar to the
kinetics at pH 8.0 (Figure 5.8). At 30 mM ionic strength (20 mM NaCl, 10 mM MES) the t50
was 6,930 minutes and 685 minutes at 610 mM ionic strength (600 mM NaCl, 10 mM MES).
The curves are broadly similar to those observed at pH 8.0, however, the rates are significantly
slower as judged by comparison to the t50’s at pH 8.0. A plot of the log (1/t50) versus the ionic
strength (I) from 30 to 610 mM for the monovalent salts SCN-, I-, Br-, Cl- and F- at pH 5.5 is
shown in Figure 5.9a. All of the salts decreased the t50 of fibril formation compared to buffer at
all concentrations tested. The plots of the log(1/t50) versus ionic strength (I) (Figure 5.9a), √!
(Figure 5.9b) or ! !√! (Figure 5.9c) from 30 to 610 mM at pH 5.5 for the monovalent salts are
non-linear, similar to the plots at pH 8.0.
Similar to the kinetics observed at pH 8.0, there is significant variation among the salts
tested and the t50 of each is decreased in comparison to buffer at the lowest ionic strength, 30
mM (Figure 5.10). The order with which anions induce amyloid formation by IAPP under these
conditions is as follows: SO42- > SCN- > I- > Br- > Cl- > H2PO42- > F-. The values of the t50 range
from 4,216 minutes for SO42- to 8,412 minutes for F- and follow the electroselectivity series.
Note that phosphate is 98% monovalent at this pH and its order in the electroselectivity series
shifts to a position between Cl- and F-.

The behavior at pH 5.5 at high salt differs from high salt

at pH 8.0. Unlike at pH 8.0, at high ionic strength the rate of fibril formation scales with the
electroselectivity series, but not with the B-coefficient (Figure 5.11). The trend is the same at the
intermediate ionic strengths as well.
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5.4 Discussion
The analysis presented here reveals a complicated salt-dependence of amyloid formation
by IAPP. The rate of amyloid formation is significantly accelerated with increasing ionic
strength at both pH’s, but the observed trends do not follow a simple relationship based only on
Debeye screening. The t50 values vary by a factor of nearly four at low salt at pH 8.0, depending
on the identity of the anion and by a factor of two at pH 5.5. At low salt anion binding appears
to play a role at both pH’s as judged by the dependence on anion identity and its correlation with
the electroselectivity series. A different salt dependence is observed at pH 5.5 and pH 8.0 as the
ionic strength is increased. The anion-dependent effects are much less pronounced at the highest
salt concentrations at pH 8.0 and the value of t50 varies by less than 8% amongst all of the anions
tested. The t50 no longer scales with the electroselectivity series at high ionic strength at pH 8.0.
Anion binding will still occur at high salt concentrations, but the variation between the different
ions will be less if saturating concentrations are reached for all ions. The anion is in 18,000-fold
excess relative to IAPP at 600 mM ionic strength. In addition, Hofmeister effects will be more
important at the higher salt concentrations, and these scale inversely with the electroselectivity
series for the monovalent anions. The lack of a clear trend at the intermediate ionic strengths
likely reflects competition among these effects.

It is important to note that there is still

significant variation in the rate with the identity of the anion at pH 8.0 at intermediate ionic
strengths, varying by nearly 100%, and these effects should be taken into account when
comparing studies conducted using different salts. In contrast to the behavior observed at pH
8.0, the effects of varying the anion scale with the electroselectivity series for all ionic strengths
tested at pH 5.5. The polypeptide has a larger net positive charge at pH 5.5 than at pH 8.0 and
this should enhance anion binding and thus account for a stronger dependence on the
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electroselectivity series. The lack of a significant dependence on the cations tested is not
surprising since IAPP contains no negatively charged groups and thus cation binding is not
expected.
We used the value of t50 in our analysis, which includes contributions from both the lag
phase and the growth phase. It is natural to inquire if anions exert different effects on the lag
phase and the growth phase. The lag time, tlag, and the apparent rate at t50, which is believed to
reflect the elongation rate, can be determined from the sigmoidal fits. We obtain similar results
if we compare the effects of anions and ionic strengths on t50, tlag, or vmax. Plots of 1/tlag and vmax
versus ionic strength are included in Figure 5.12 at both pH 5.5 and 8.0. Plots of the two
parameters versus the electroselectivity series and the B-coefficient for both pH 8.0 and 5.5 are
shown in Figure 5.13 and Figure 5.14, respectively. The plots at all ionic strengths are very
similar to those obtained from plotting 1/t50, indicating that the lag time and elongation rate are
sensitive to the same factors that modulate the t50. There is a strong relationship between the
effects of different salts on the lag phase and growth phase of amyloid formation by IAPP. The
variation of the elongation rate, vmax, and the inverse of the lag time are strongly correlated at pH
8.0 (Figure 5.15), with r2=0.86 and an equally strong correlation (r2=0.91) is observed at pH 5.5.
A strong correlation is also observed if the pH 5.5 and pH 8.0 data are plotted together (r2=0.80)
(Figure 5.15c). Such a strong correlation implies that electrostatic effects, Hofmeister effects
and anion binding influence both fibril elongation and the nucleation events in the lag phase.
This is reasonable since nucleation involves association of charged IAPP monomers and thus has
to overcome unfavorable electrostatic effects. The fibril growth phase involves binding of
soluble cationic IAPP monomers to the cationic fibrils, and so must also involve unfavorable
charge-charge interactions.
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This work highlights the importance of screening the electrostatic repulsion that arises
from the alignment of the positive charges in fibrils during amyloid formation by IAPP. At pH
8.0 specific anion binding is important at low ionic strengths, but at high salt concentrations at
this pH it appears that the influence of ions on the properties of water via Hofmeister effects
plays a role in driving amyloid formation. This contrasts with the influence of anions on the
kinetics at pH 5.5, where IAPP carries a +4 charge, with two basic residues (Arg-11 and His18)
in the β-sheet core of the fibril. At pH 5.5 anion binding drives fibril formation over the entire
range of salt concentrations tested. The stronger dependence on anion binding at high salt at pH
5.5 likely reflects the higher net charge of the polypeptide.
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5.5 Figures

Figure 5.1: (A) Left: View of the IAPP amyloid fibril perpendicular to the axis of the fibril
derived from the model of Tycko and colleagues. Right: Same structure rotated by 90°, view
down the axis of the fibril. Red: Lys-1; Blue: Arg-11; Cyan: His-18. (B) Primary sequence of
human IAPP. The polypeptide contains a disulfide bridge between residues 2 and 7 and has an
amidated C-terminus. Lys-1, Arg-11 and His-18 are color coded as in panel A.
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Figure 5.2: Dependence of the kinetics of amyloid formation on the ionic strength for various
concentrations of NaCl at pH 8.0. Plots of thioflavin-T versus time are displayed. The
concentration of added NaCl ranged from 20 to 600 mM. All experiments were conducted at 25
°C, pH 8.0 and all samples contained 10 mM Tris-HCl. The concentration of IAPP and
thioflavin-T were both 32 µM.
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Figure 5.3: Analysis of the dependence of log(1/t50) on ionic strength, I, for the monovalent
anions at pH 8.0. The observed values of log(1/t50) are plotted vs. (A) I; (B) √!; (C) ! !√! .
Black, NaSCN; Red, NaI; Blue, NaBr; Green, NaCl; Pink, NaF.
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Figure 5.4: Dependence of the kinetics of amyloid formation on the anion identity at 20 mM
added salt (30 mM ionic strength) at pH 8.0. Plots of thioflavin-T versus time are displayed. All
experiments were conducted at 25 °C, pH 8.0 and all samples contained 10 mM Tris-HCl The
concentration of IAPP and thioflavin-T were both 32 µM.
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Figure 5.5: The identity of the cation has little effect on the kinetics of amyloid formation.
Thioflavin-T curves are shown at 20 mM and 600 mM added salt for NaCl, KCl and LiCl.
Experiment conducted at pH 8.0.
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Figure 5.6: The rank order of the effects of different anions on the rate (1/t50) of amyloid
formation at pH 8.0 at 20 (A and B), 100 (C and D), 200 mM (E and F), 400 (G and H) and 600
mM (I and J) ionic strengths versus their order in the electroselectivity series (A, C, E, G and I)
and the Hofmeister series (B, D, F, H and J). Note that the vertical axis scale is different for the
different ionic strengths and the fits in A and F are to aid the eye only. At 20 mM ionic strength
the order of the rate of amyloid formation for the anions scales with their order in the
electroselectivity series (A), but not with the Jones-Dole B-coefficient, which is a measure of the
Hofmeister series (B). At 100, 200 and 400 mM ionic strengths the trend disappears for both the
electroselectivity series (C) and Hofmeister series (D), presumably from competing effects
between the forces involved from each effect. At high ionic strength, 600 mM, the on amyloid
formation scaled with the Hofmeister series (F), but not the electroselectivity series (E). Black,
NaSCN; Red, NaI; Blue, NaBr; Green, NaCl; Pink, NaF; Yellow, Na2SO4; Cyan, Na2HPO4. All
samples contained 10 mM Tris-HCl in addition to the added salt.
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Figure 5.7: Salts induce amyloid formation, not amorphous precipitates. All samples were
collected(22) at the end of the kinetic assays and contain 10 mM Tris-HCl, pH 8.0. (A) No added
salt (B) 20 mM NaSCN, (C) 600 mM NaSCN, (D) 20 mM NaI, (E) 600 mM NaI, (F) 20 mM
NaBr, (G) 600 mM NaBr, (H) 20 mM NaCl, (I) 600 mM NaCl, (J) 20 mM NaF, (K) 600 mM
NaF, (L) 20 mM Na2SO4, (M) 600 mM Na2SO4, (N) 20 mM Na2HPO4, (O) 600 mM Na2HPO4.
Scale bar is 100 nm.
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Figure 5.8: Dependence of the kinetics of amyloid formation at pH 5.5 on the ionic strength for
various concentrations of NaCl. Plots of thioflavin-T fluorescence versus time are displayed.
The concentration of added NaCl ranged from 20 to 600 mM. All experiments were conducted
at 25 °C, pH 5.5 and all samples contained 10 mM MES. The concentration of IAPP and
thioflavin-T were both 32 µM.
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Figure 5.9: Analysis of the dependence of log(1/t50) on ionic strength, I, for the monovalent
anions at pH 5.5. The observed values of log(1/t50) are plotted vs. (A) I; (B) √!; (C) ! !√! .
Black, NaSCN; Red, NaI; Blue, NaBr; Green, NaCl; Pink, NaF.
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Figure 5.10: Dependence of the kinetics of amyloid formation on the anion identity at 20 mM
added salt (30 mM ionic strength) at pH 5.5. Plots of thioflavin-T versus time are displayed. All
experiments were conducted at 25 °C, pH 5.5 and all samples contained 10 mM MES. IAPP and
thioflavin-T concentrations were both at 32 µM.
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Figure 5.11: The rank order of the effects of different anions on the rate (1/t50) of amyloid
formation at pH 5.5 at 20 (A and B), 100 (C and D), 200 (E and F), 400 (G and H) and 600 mM
(I and J) ionic strengths versus their order in the electroselectivity series (A, C, E, G and I) and
the Hofmeister series (B, D, F, H and J). At 20 mM ionic strength the order of the rate of
amyloid formation for the anions scales with their order in the electroselectivity series (A), but
not with the Jones-Dole B-coefficient, which is a measure of the Hofmeister series (B). This
trend is followed at every ionic strength tested at pH 5.5. Black, NaSCN; Red, NaI; Blue, NaBr;
Green, NaCl; Pink, NaF; Yellow, Na2SO4; Cyan, Na2HPO4.
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Figure 5.12: Plots of (A, C) log(1/tlag) and (B, D) log(vmax) vs. ionic strength at (A, B) pH 8.0
and (C, D) pH 5.5 for the monovalent salts. NaSCN, black; NaI, red; NaBr, blue; NaCl, green;
NaF, pink.
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Figure 5.13: Dependence of 1/tlag and the vmax on the anion identity at 20 mM added salt, pH
8.0. (A) vmax vs. the electroselectivity series (B) vmax vs the Jones-Dole B-coefficient (C) 1/tlag vs.
the electroselectivity series (D) 1/tlag vs the Jones-Dole B-coefficient. Black, NaSCN; Red, NaI;
Blue, NaBr; Green, NaCl; Pink, NaF; Yellow, Na2SO4; Cyan, Na2HPO4. All samples also
contained 10 mM Tris-HCl, pH 8.0.
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Figure 5.14: Dependence of 1/tlag and the vmax on the anion identity at 20 mM added salt, pH
5.5. (A) vmax vs. the electroselectivity series (B) vmax vs the Jones-Dole B-coefficient (C) 1/tlag vs.
the electroselectivity series (D) 1/tlag vs the Jones-Dole B-coefficient. Black, NaSCN; Red, NaI;
Blue, NaBr; Green, NaCl; Pink, NaF; Yellow, Na2SO4; Cyan, Na2HPO4. All samples also
contained 10 mM Tris-HCl, pH 5.5.
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Figure 5.15: Correlation of the rate at t50, vmax, with 1/tlag for all anions at all ionic strengths at
(A) pH 8.0 and (B) pH 5.5 (C) at both pH 5.5 and 8.0. The kinetic parameters are derived from
the thioflavin-T kinetic assays fit with Equation-1. The data is fit to a straight line with an r2 of
0.86, 0.91 and 0.80 for pH 8.0, pH 5.5 and pH 5.5 and 8.0 combined, respectively.
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