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Abstract 

 

Protein aggregation is linked to many cell degenerative diseases such as Alzheimer’s 

disease (AD) and type 2 diabetes (T2D). AD is associated with the self-assembly of the 40- 

42 residue β-amyloid peptide (Aβ) whereas T2D is linked to the aggregation of the 37 residue 

long islet amyloid polypeptide (IAPP). Both polypeptides Aβ and IAPP share in addition to 

their amyloidogenicity a high degree of sequence similarity. It has been previously shown 

that non-fibrillar and non-toxic Aβ and IAPP species bind each other with low nanomolar 

affinity and that Aβ-IAPP hetero-association suppresses cytotoxic self-association and 

amyloidogenesis by both peptides. In addition clinical and pathophysiological studies suggest 

that the two diseases might be linked to each other. Therefore, the characterization of the 

Aβ-IAPP hetero-association interface is an important task of biomedical research. Toward 

this aim, the cross- and self-interaction interfaces of Aβ and IAPP were first characterized 

using synthetic membrane bound peptide arrays. Thereby, the N-methylated IAPP mimic 

IAPP-GI which is a soluble non-amyloidogenic IAPP mimic was used instead of IAPP. IAPP-

GI was found to bind Aβ40 in the two regions Aβ(12-24) and Aβ(26-37). In addition, regions 

Aβ(11-21) and Aβ(23-37) were found to mediate Aβ40 self-association. These results 

showed that regions involved in the hetero-association of Aβ40 with IAPP are similar to the 

ones involved in Aβ40 self-association. On the other side, Aβ40 was found to bind IAPP 

strongly in the region IAPP(1-20) and weakly in the C-terminal part of IAPP. Similar results 

were obtained in the binding studies of IAPP-GI with IAPP suggesting that regions of IAPP 

involved in the hetero-association with Aβ40 are also mediating IAPP self-association. Next, 

the cross-interacting sequences of IAPP and Aβ40 were determined. IAPP(10-18) was found 

to bind strongly Aβ(26-37) and IAPP(20-29) interacted with the two Aβ regions Aβ(11-25) 

and Aβ(23-37). Aβ(15-24) and Aβ(25-35) showed strong binding to IAPP(1-20) and weak 

binding to the C-terminal IAPP part. These data suggested the presence of multiple 

cooperative interactions between specific Aβ and IAPP segments within the Aβ-IAPP 

interaction interface and together with other studies led to the identification of five short 

peptide segments of Aβ and IAPP as “hot spot regions” of Aβ-IAPP interface: Aβ(19-22), 

Aβ(27-32), Aβ(35-40), IAPP(8-18) and IAPP(22-28). 

It has been previously shown that IAPP-GI binds Aβ with high affinity and blocks its cytotoxic 

self-assembly and fibrillogenesis. The next question which was addressed in my thesis was 

what is the role of the individual IAPP-GI and IAPP regions in inhibition of Aβ40 self-

association and cytotoxicity. Thereby, the single segments IAPP(1-7), IAPP(8-18), IAPP(22-

28)-GI, and IAPP(30-37) were found to not affect cytotoxic Aβ40 self-assembly. Surprisingly, 

the presence of the two hot regions alone of the Aβ-IAPP interaction interface IAPP(8-18) 

and IAPP(22-28)-GI in the partial IAPP sequence IAPP(8-28)-GI was found to be not 



 

sufficient for inhibitory function on Aβ40 fibrillogenesis and cytotoxicity. By contrast, inclusion 

of the IAPP N-terminal part IAPP(1-7) as in IAPP(1-28)-GI resulted in a strong enhancement 

of the inhibitory effect. Inhibition of Aβ40 fibrillogenesis and cytotoxicity by IAPP(1-28)-GI 

was, however, not as efficient as in the case of IAPP-GI suggesting that the inhibitory effect 

of IAPP-GI on Aβ40 aggregation might function both via direct interaction of the hot regions 

and a structure stabilizing action of the N- and C-terminal IAPP parts. Studies on peptides 

(A1-3)IAPP(1-28)-GI and (A4-6)IAPP(1-28)-GI derived via a partial “Ala scan” of the IAPP(1-

28)-GI sequence revealed similar inhibition potencies as in IAPP(1-28)-GI. By contrast, the 

peptides G7-IAPP(8-28)-GI and A7-IAPP(8-28)-GI exhibited weaker inhibitory effects. These 

results were consistent with an important role of the N-terminal region IAPP(1-7) and specific 

residues within this region in the inhibitory effect of IAPP-GI on Aβ aggregation and toxicity. 

In the final part of my thesis, I focused on the design, synthesis and biochemical and 

biophysical studies of a novel class of IAPP-GI analogues as potential peptide inhibitors of 

Aβ40 aggregation and toxicity. These analogues consisted of the two IAPP hot regions of the 

Aβ-IAPP interaction interface IAPP(8-18) and IAPP(22-28)-GI which were covalently linked to 

each other by different linker structures. These structures consisted either of three identical 

amino acid residues or of non-natural amino acid residues with a backbone length 

corresponding to the length of three amino acids in extended conformation. Analogues with 

flexible hydrophobic or hydrophilic, non-natural linker structures, such as Aoc, Adc and PEG 

were found to be unable to affect Aβ40 self-assembly processes. The tripeptide SSN 

between the hot regions in IAPP(8-28)-GI was then replaced by three amino acid residue 

sequences with different hydrophobicity and steric hindrance in their side chains yielding 

analogues IAPP(8-18)G3(22-28)-GI, IAPP(8-18)A3(22-28)-GI, IAPP(8-18)V3(22-28)-GI, and 

IAPP(8-18)L3(22-28)-GI. In fact, the inhibitory capacity of these IAPP(8-28)-GI analogs was 

found to strongly improve by increasing the hydrophobicity and steric hindrance of the side 

chain of the tripeptide linker and IAPP(8-18)L3(22-28)-GI turned out to be the most potent 

inhibitor of this series of analogues. Next, rigid constrained linkers were exploited, yielding 

IAPP(8-18)L3(22-28)-GI-cyclo and IAPP(8-18)Amb-Ab(22-28)-GI. The cyclic constraint in 

IAPP(8-18)L3(22-28)-GI-cyclo was found to transform the potent inhibitor IAPP(8-18)L3(22-

28)-GI in an ineffective one whereas IAPP(8-18)Amb-Ab(22-28)-GI carrying a rigid extended 

linker was found to be a strong inhibitor of Aβ40 self-assembly. The last category of the here 

synthesized and studied analogues contained β-hairpin stabilizing or destabilizing charged 

residues at the N- and C-termini of IAPP(8-18)A3(22-28)-GI or IAPP(8-28)-GI. K3-IAPP(8-

18)A3(22-28)-GI-K3 containing the β-hairpin destabilizing K3 patches – likely via coulombic 

interaction of side chains - was found to be a strong inhibitor of Aβ40 aggregation and toxicity 

whereas E3-IAPP(8-18)A3(22-28)-GI-K3 with a likely β-hairpin stabilizing E3 and K3 patches 

had no effect. Studies on several truncated control peptides of the above two analogues 



 

supported the idea that β-hairpin destabilization in the IAPP(8-28)-GI analogues may result in 

higher inhibitory potencies whereas β-hairpin stabilization is rather associated to weaker 

inhibitory effects. 

Finally, the three most potent inhibitors of Aβ40 aggregation identified in this thesis IAPP(8-

18)L3(22-28)-GI, IAPP(8-18)Amb-Ab(22-28)-GI, and K3-IAPP(8-18)A3(22-28)-GI-K3 were 

studied with regard to the IC50 of their inhibitory effects on formation of cytotoxic Aβ40 

species and their ability to block cytotoxicity of pre-formed Aβ40 cytotoxic species. The IC50 

of all three peptides were in the low nanomolar range and IAPP(8-18)L3(22-28)-GI proved to 

be the most effective analogue also with regard to blocking toxicity of already formed Aβ40 

cytotoxic aggregates. IAPP(8-18)L3(22-28)-GI proved thus to have similar properties as the 

full length IAPP analogue IAPP-GI with regard to inhibition of Aβ40 cytotoxicity and 

fibrillogenesis. This analogue is, therefore, a promising peptide lead structure for the design 

and development of novel inhibitors of Aβ40 aggregation and toxicity. 

Taken together the studies presented in this thesis contributed to the identification of hot 

regions of the Aβ-IAPP interaction interface and the characterization of the role of the 

individual region of IAPP in inhibition of Aβ40 aggregation and toxicity, and lead to the 

generation of a novel class of potent inhibitors of Aβ40 aggregation and toxicity consisting of 

covalently linked IAPP hot spot regions of the Aβ-IAPP interaction interface.  
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1 Introduction 

1.1 Protein folding 

Proteins are among the most important molecules in living organisms. There are 

approximately 20,500 protein-encoding genes in the human genome [1]. 

Protein folding is a natural process in which a polypeptide chain adopts its characteristic 

three-dimensional structure. This transition is crucial as the right fold is a prerequisite for a 

protein’s long term stability and the ability to selectively interact with its partners [2].  

In the early 1960 the pioneering work of Anfinsen on protein folding concluded that the native 

conformation of a polypeptide is encoded within its primary amino acid sequence [3, 4]. In 

addition proteins can fold reversibly and the functional fold should represent a global 

minimum on the energy landscape. Some years later, Levinthal stated that random search of 

a protein for the right conformation cannot be performed within microsecond to millisecond 

biological timescale of protein folding (Levinthal paradox) (Fig. 1A). Thus, he concluded that 

protein folding occurs through specific folding pathways [5].  

 

Fig. 1. (A) Energy landscape for random search (B) Energy landscape for multi-state folding in which N is the 

native conformation. (The figure was taken from Ref. [6]) 

The model of Dill et al., 1993 proposed that protein folding starts by a “hydrophobic collapse”, 

with the burial of hydrophobic residues in a folding core [7]. Secondary and tertiary structures 

form then within this core with interactions such as disulfide bonds and salt bridges 

continuing to direct the folding, and thus the selection of conformation. This model however, 

may not be applicable to trans-membrane proteins since they will need to expose 

hydrophobic parts in order to be stable in the membrane environment. Another proposed 

mechanism is the nucleation-condensation model [8]. According to this model, secondary 

and tertiary structures form cooperatively as the whole protein condenses around a nucleus. 

This nucleus is formed by a few adjacent residues that have a high preference for early 

formation of secondary structure when stabilized by tertiary structure interactions. Together 
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these types of constraints limit the number of available conformations and allow the protein 

to fold in a biologically acceptable time span. All these models were necessary to understand 

how the folding process of a protein reaches a single stable state within the huge 

conformational space. In other words proteins are “funneled” down the energy landscape by 

energy barriers, kinetic traps and narrow pathways (Fig. 1B) [6, 9]. 

In the last decade, a number of studies suggested that a protein does not have to be folded 

in order to exhibit biological function [10-12]. In fact, a number of intrinsically disordered 

proteins have been found to be capable of biological function. It was found that 40% of all 

human proteins contain at least one intrinsically disordered segment and that 25% of the 

eukaryotic proteins are mainly disordered [11]. 

The knowledge about protein folding was obtained by computer prediction models and by in 

vitro experiments in which proteins were denatured and folded back into their original fold. 

However, the conditions in a living system are much more crowded and complex. Therefore, 

especially the folding of a large protein cannot take place without the help of the so-called 

quality control system. 

1.1.1 Intracellular quality control 

In the cell, ribosomes are responsible for the synthesis of proteins. Briefly, DNA sequence is 

copied into a messenger RNA (mRNA) that, in turn, is decoded by ribosomes for proteins 

synthesis. The decoding of genetic information to protein is called translation. In many cases, 

the ribosome binds to the outer membrane of the rough endoplasmic reticulum (ER) and 

releases the nascent protein inside the ER for later secretion to the extracellular milieu (Fig. 

2). The process of folding in vivo often begins co-translationally, therefore the N-terminus of 

the protein begins to fold while the C-terminal portion of the protein is still being synthesized 

[13]. In other cases, other proteins fold in cytoplasm or in specific compartments as 

mitochondria and endoplasmatic reticulum. While the native conformation of a polypeptide is 

encoded within its primary amino acid sequence and is sufficient for protein folding in vitro, 

the condition in vivo is more complex. For that reason, specialized proteins called 

chaperones assist in the folding of other proteins [14]. Chaperones prevent protein 

aggregation or facilitate the forward folding and assembly of proteins into higher order 

structures [15]. There are two large families of molecular chaperones: ATP-dependent, such 

as folding machines, or ATP-independent, such as “holding” components or folding catalysts. 

One of the most known classes of ATP-dependent chaperones is the class of such heat-

shock proteins, as Hsp70 and Hsp40 [15-18]. Another example of ATP-dependent folding 

machines includes the chaperonines which have a cylindrical shape that allows proteins to 

fold inside the cylinder.  
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Fig. 2. Protein folding in the endoplasmatic reticulum. (The figure was taken from Ref. [2]) 

Incorrectly folded proteins are detected by the quality control system present in the cell [17]. 

These proteins follow a different pathway where they become first ubiquitinated and 

consequently degraded by proteasomes (Fig. 2) [19, 20]. 

1.1.2 Extracellular quality control 

After the synthesis, proteins are translocated to the rough endoplasmic reticulum and 

thereafter to the compartments of the Golgi apparatus. Following the formation of vesicles 

that fuse with the plasma membrane, the proteins are secreted to the extracellular milieu. 

However, once in the extracellular space, the proteins are no longer under the surveillance of 

the intracellular protein folding quality control (QC) system. Recently, it has been proposed 

that an extracellular protein folding QC system exists which corresponds to the intracellular 

one [21, 22]. According to this model, a quality-control mechanism exists which is based on 

extracellular chaperones that are able to detect regions of increased hydrophobicity of non-

correctly folded proteins as shown in Fig. 3. The extracellular chaperone would form a non-

covalent complex with the non-correctly folded protein. Consequently, the complex would be 

recognized by cell-surface receptors and would enter the cell and be directed to intracellular 

degradation. 

Recently identified extracellular chaperones include clusterin [23], haptoglobin [21], α2-

macroglobulin [24] and serum amyloid P component [25]. It has been shown in vitro that 

extracellular chaperones can inhibit the aggregation of purified proteins subjected to 

chemical and physical stress by forming stable, non-covalent complexes with them [21, 23]. 
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Fig. 3. Proposed extracellular quality control mechanism for protein folding. Extracellular chaperones bind to 

partially unfolded protein (I) or to preformed nucleus (N) generating a complex that is recognized by a receptor. 

Following endocytosis, the complex is degraded by lysosome. (The figure was taken from Ref. [26]) 

1.2 Protein misfolding diseases 

Despite the many mechanisms that nature has generated to prevent protein misfolding and 

aggregation, there is a large number of diseases which are caused by the abnormal folding 

of proteins, the so-called protein misfolding diseases. This process can occur as a result of 

several post-translational modifications, such as premature degradation via the quality 

control system of the endoplasmic reticulum, as occurs in cystic fibrosis [27], or the 

inappropriate transport of a protein, as seen in early-onset emphysema [28]. However, the 

largest group of misfolding disorders involves a specific class of polypeptides or proteins 

that, by escaping all protective mechanisms, undergo a conversion from their functional 

soluble states into highly organized fibrillar aggregates. These structures are generally 

described as amyloid fibrils and are accumulating extracellularly such as β-amyloid peptide 

and amylin or intracellularly such as α-sinuclein and tau. In 1857, Rudolf Virchow used for 

the first time the term “amyloid” (starch-like) to describe extracellular deposits in the nervous 

system. The term amyloid was retained but with a meaning of proteinaceous deposit. 

A large number of human diseases is related to the failure of proteins or peptides to fold 

correctly [29]. A list of known diseases that are associated with the formation of amyloid 

fibrils is given in Table 1. 
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Table 1. Human disorders characterized by protein misfolding and amyloid deposits. (The table was adapted from 

Ref. [29]) 

DISEASE  AGGREGATING POLYPEPTIDE  

Neurodegenerative disease  

Alzheimer’s disease  β-amyloid peptide  

Spongiform encephalopathies  Prion protein or fragments  

Parkinson’s disease  α-Synuclein  

Dementia with Lewy bodies  α-Synuclein  

Frontotemporal dementia with Parkinsonism  Tau  

Amyotrophic lateral sclerosis  Superoxide dismutase  

Huntington’s disease  Huntingtin with polyQ expansion  

Spinocerebellar ataxias  Ataxins with polyQ expansion  

Spinocerebellar ataxia 17  TATA box-binding protein with polyQ expansion  

Spinal and bulbar muscular atrophy  Androgen receptor with polyQ expansion  

Hereditary dentatorubral-pallidoluysian atrophy  Atrophin-1 with polyQ expansion  

Familial British dementia  ABri  

Familial Danish dementia  ADan  

Non-neuropathic systemic amyloidoses  

AL amyloidosis  Immunoglobulin light chains or fragments  

AA amyloidosis  Fragments of serum amyloid A protein  

Familial Mediterranean fever  Fragments of serum amyloid A protein  

Senile systemic amyloidosis  Wild-type transthyretin  

Familial amyloidotic polyneuropathy  Mutants of transthyretin  

Hemodialysis related amyloidosis  β2-microglobulin  

ApoAI amyloidosis  N-terminal fragments of apolipoprotein AI  

ApoAII amyloidosis  N-terminal fragment of apolipoprotein AII  

ApoAIV amyloidosis  N-terminal fragment of apolipoprotein AIV  

Finnish hereditary amyloidosis  Fragments of gelsolin mutants  

Lysozyme amyloidosis  Mutants of lysozyme  

Fibrinogen amyloidosis  Variants of fibrinogen α-chain  

Icelandic hereditary cerebral amyloid angiopathy  Mutant of cystatin C  

Non-neuropathic localized diseases  

Type II diabetes  Islet amyloid polypeptide (IAPP) 

Medullary carcinoma of the thyroid  Calcitonin  

Atrial amyloidosis  Atrial natriuretic factor  

Hereditary cerebral hemorrhage with amyloidosis Mutants of β-amyloid peptide  

Pituitary prolactinoma  Prolactin  

Injection-localized amyloidosis  Insulin  

Aortic medial amyloidosis  Medin  

Hereditary lattice corneal dystrophy  C-terminal fragments of kerato-epithelin  

Corneal amyloidosis associated with trichiasis  Lactoferrin  

Cataract  γ-Crystallins  

Calcifying epithelial odontogenic tumors  Unknown  

Pulmonary alveolar proteinosis  Lung surfactant protein C  

Inclusion-body myositis  Β-amyloid peptide  

Cutaneous lichen amyloidosis  Keratins  

 

The table is divided in: neurodegenerative diseases in which aggregation occurs in the brain, 

non-neuropathic systemic amyloidosis in which aggregation occurs in multiple tissues and 
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non-neuropathic localized amyloidosis in which aggregation occurs in a single tissue. Those 

diseases can be, in turn, grouped in sporadic (85%), hereditary (10%) and infectious (5%) 

[29]. For example Alzheimer’s disease and Parkinson disease are predominantly sporadic 

diseases whereas many studies suggest also a possible hereditary component [29]. 

Spongiform encephalopathies can also be transmissible [29]. 

1.2.1 Amyloid fibril structure 

As shown in Table 1, many different diseases are associated to protein misfolding [29]. The 

polypeptides involved in misfolding disorders do not share strong similarity between their 

primary, secondary or tertiary structures. However, they share many common physico-

chemical and biological features in their aggregated states [29]. All amyloid fibrils are 

constituted of β-strands that run perpendicular to the long axis of the fibril (Fig. 4B-F) [30]. X-

ray diffraction studies have revealed two distinct signals corresponding to the so-called 

“cross-β pattern” one at 4.7 Å and one perpendicular at 10 Å (Fig. 4A) [31]. The 4.7 Å signal 

corresponds to the distance between the β-strands and the 10 Å signal indicates spacing 

between the different interacting sheets. 

 

Fig. 4. (A) X-ray diffraction showing the characteristic cross-β diffraction signals on the meridian and equator at 

4.7 Å and 10 Å, respectively. (The figure was taken from Ref. [32]) (B) Schematic representation of a cross-β 

structure. (The figure was taken from Ref [33]) (C) (D) Example of EM image of amyloid fibrils. (The figure was 

taken from Ref. [34]) (E) Example of AFM image of amyloid fibrils. (The figure was taken from Ref. [35]) (F) 

Overview of the fibril structure: twisting of the protofilaments around each other. Fibril model was based on cryo 

EM studies. (The figure was taken from Ref. [34]) 

In the last decade, much structural information on the fibril structure was obtained with 

biophysical methods including solid-state NMR [36] and cryo-electron microscopy [37]. Solid 

state NMR is able to provide detailed structural information of a non-crystalline compound 

such as fibril. Together with electron microscopy (EM) data, it contributed to the development 

of structural model of amyloid fibrils. Transmission electron microscopy (TEM) or atomic 

force microscopy (AFM) have suggested that fibrils can be composed of 2 to 6 protofilaments 
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[38] (Fig. 4C-D-E) (Fig. 5). These fibrillar subunits twist together to form unbranched fibers of 

7-12 nm in diameter [30, 38]. In addition, amyloid deposits show specific optical behavior 

such as binding to thioflavin T (ThT) or Congo red (CR) [39]. While binding to ThT results in 

enhanced fluorescence intensity at 482 nm and a shift of the emission maximum of ThT from 

430 nm to 482 nm, the binding to CR results in gold-green birefringence under polarized 

light. Although many similarities are observed in the structure and composition of fibrils, a 

certain degree of heterogeneity in the morphology and in particular in the position of the 

peptide chain within the fibrils, so-called polymorphism, has been also observed [34, 40, 41]. 

Clearly, the favored structure should be the one with the lowest free energy and fastest 

kinetic and it is regulated by the main polypeptide chain. However, different environmental 

conditions or side-chain interactions can affect the fibrils structure. 

1.2.2 Amyloid fibril formation 

Following the biosynthesis, a polypeptide chain can adopt many conformational states that 

are in equilibrium with each other. The interconversion from one state to another is normally 

regulated by the quality control system. However when such regulatory systems fail, 

conformational diseases can occur [29]. In that case, the concentration of the amyloidogenic 

species has to increase as much as the gain of enthalpy (due to favorable packing 

interactions) overcomes the loss of entropy. In other words, misfolding and aggregation of 

proteins are believed to be side effects of the conformational transitions of polypeptide and 

protein. 

 

Fig. 5. Schematic diagram showing the probable hierarchical assembly of amyloid peptides from β-sheets to 

fibrils. (The figure was taken from Ref. [32]) In the inset a scheme of a typical kinetic trace of fibrillization is 

shown: amyloid fibril formation is characterized by a lag-phase followed by an elongation phase and a final 

steady-state phase. 
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Amyloid fibril formation has many characteristics of a “nucleated growth” mechanism. In 

particular, the conversion of a peptide or protein to its fibrillar form is characterized by a lag-

phase that is followed by an elongation phase where a rapid exponential growth occurs, and 

eventually a steady state phase (Fig. 5) [29]. The lag-phase is the time required to reach the 

critical concentration to form the nucleus. It has been suggested that the nucleus is formed 

first by the self-association of a short sequence within the polypeptide chain. It has been also 

proposed that the nucleus can be formed by a “dry steric zipper” constituted of two tightly 

interdigitated β-sheets [42]. The formation of the nucleus is generally slow because it 

requires high-order oligomerization. In fact, amyloidogenic monomers are often in α-helical 

conformation or not structured while amyloid fibrils exhibit highly defined β-sheet structure. 

The lag-phase can be shortened or abolished by adding a preformed nucleus, so-called 

seed, by changing experimental conditions, or by mutations. During the lag-phase many 

different oligomers are formed by a series of thermodynamically unfavorable steps. 

Oligomeric species are important intermediates of the fibril formation pathway and in addition 

they have been suggested to be more cytotoxic than the fibrils themselves [43]. 

An increasing number of proteins have been found to form fibrils under certain conditions 

[44, 45]. These findings have suggested that the ability to form fibrillar structures is a generic 

property of polypeptide backbone. However, the nature of the amino acids sequence affects 

the stabilities of the different conformational states accessible to the peptide. Thus, the 

sequence will promote or prevent the conversion into fibrils. In fact, substitution of amino 

acids which are located within the amyloid core of an amyloidogenic peptide can reduce the 

aggregation propensity when the hydrophobicity of the inserted amino acid is less than the 

one of the original amino acid and vice versa [46, 47]. It has also to be taken into account 

that nature has avoided clusters of hydrophobic amino acids in soluble proteins [48]. Another 

key factor in protein aggregation is the total net charge. It has been observed that the 

capacity of a peptide to aggregate decreases when the total net charge becomes higher [49]. 

Several amyloidogenic proteins exhibit α-helical conformation in their native state hence, 

when misfolding occurs, the protein undergoes an α-helix → β-sheet transition. In this 

context, it has been demonstrated that proteins, which are found to be in α-helix 

conformation but with a β-sheet forming potential, are associated with amyloid fibril formation 

[50]. 

1.3 Alzheimer´s disease 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder described for the first 

time by the German psychiatrist and neuropathologist Alois Alzheimer in 1906. AD is the 

most common cause of dementia in elderly, accounting for 60-70% of all cases [51]. Since 
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age is the strongest risk factor for AD and as the life expectancy has become longer, the 

number of people affected by AD is expected to increase enormously which will result in high 

costs for the society. The two main neuropathological characteristics of AD are: intracellular 

neurofibrillar tangles consisting of hyperphosphorylated tau protein and extracellular deposits 

consisting of β-amyloid peptide. Tau proteins are mainly present in neurons and their 

function is to stabilize the microtubules. The hyperphosphorylation of tau can result in the 

self-assembly and consequently neurofibrillar tangle formation [52]. However, the senile 

plaques in AD have been found to be predominantly composed of β-amyloid-peptide (Aβ) 

fibrils [53]. Aβ is a 39-43 amino acid polypeptide derived from the cleavage of a large protein 

called amyloid precursor protein (APP). Aβ self-assembly is believed to be strongly 

associated – possibly causally - with AD pathogenesis [54]. The first symptoms of AD are 

often memory loss and difficulties in acquiring new information. When the disease is in an 

advanced stage, a general and progressive decline in cognitive functions is observed. AD 

patients are usually divided into two subgroups based on age of onset. Early onset AD, 

which accounts in about 5-10 % of all AD cases, is diagnosed before the age of 65 while the 

rest is diagnosed after the age of 65 years. Familial AD belongs to the group of the early-

onset AD and is caused by mutations in at least three genes: β-amyloid precursor protein, 

Presenilin 1, or Presenilin 2. 

1.3.1 β-amyloid precursor protein (APP) and the β-amyloid-peptide (Aβ) 

β-amyloid precursor protein (APP) gene is located in the chromosome 21 [55]. APP is a type 

I transmembrane protein, with the N-terminus in the extracellular space, a single domain in 

the membrane and the C-terminus in the cytoplasm. The physiological role of APP is still not 

clear although cellular expression has been found in many cell types suggesting an important 

role [56]. APP was found to be critical in neuron growth, survival and post-injury repair [57].  

 

Fig. 6. Non-amyloidogenic and amyloidogenic pathways of APP. 
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During cellular metabolism APP can be cleaved at three different sites by proteases leading 

to different pathways: the amyloidogenic and the non-amyloidogenic pathway (Fig. 6) [58]. 

The amyloidogenic pathway occurs when the β-secretase cleaves APP between residues 

596 and 597 in the extracellular region releasing a soluble fragment called βAPPs and a 

membrane-bound fragment C99. C99 is further cleaved by γ-secretase at position 639-640 

that is located in the membrane. The second cleavage made by the γ-secretase generates β-

amyloid-peptide (Aβ), a peptide of predominantly 40-42 amino acid residues which forms 

amyloid fibrils in AD. In the non-amyloidogenic pathway, which is predominant under normal 

physiological condition, APP is cleaved by α-secretase between residues 612 and 613 

(within the Aβ sequence). This pathway generates a membrane bound peptide C83 and 

releases a soluble fragment αAPPs. Consequently C83 is cleaved by γ-secretase at position 

639-640 yielding the extracellular peptide p3 and the intracellular AICD. The transmembrane 

γ-secretase is involved in both pathways and it is composed of presenilin 1 or 2, Pen-2, Aph-

1 and nicastrin [59]. Mutations in the presenilins can cause increases in production of Aβ1-42 

and are thus linked to familial AD [60]. The amyloidogenic pathway produces Aβ peptide that 

is composed of 36-43 residues. However the predominant form is Aβ40 while Aβ42 is 

characterized by a higher aggregation propensity than Aβ40. 

 

 

Fig. 7. Primary sequence of Aβ40 and Aβ42. 

The Aβ peptide has a hydrophobic C-terminal (derived by the APP membrane domain) and a 

hydrophilic N-terminal (previous extracellular domain). Solid state NMR studies have 

proposed a model for Aβ40 fibrils in which the region Aβ(1-10) is disordered, the regions 

Aβ(12-24) and Aβ(30-40) form β-sheet structures and the region Aβ(25-29) contains a bend 

[61]. Hydrogen/deuterium-exchange NMR studies on Aβ42 have proposed as a model of 

fibrils structure, heterogeneity in the region Aβ(1-17), two β-strands involving regions Aβ(18-

26) and Aβ(31-42), and a β-turn between the β-strands [62]. 

1.3.2 β-amyloid-peptide (Aβ) fibrils 

The β-amyloid-peptide generated from the APP cleavage by the β- and γ-sectretases forms 

fibrils that are deposited in the brains of affected patients (so-called plaques). This wrong 

metabolism of APP has been proposed by Hardy and Higgins in 1992 to be the cause of AD 

pathogenesis and it has been called “the amyloid cascade hypothesis” [63]. This hypothesis 

consisted on the idea that Aβ should be the major neuropathological responsible in the 

D1AEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV40IA42
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disease since it is found in the plaques surrounding degenerated neurons. Additionally, it has 

been shown that mutations on chromosome 21 (APP gene), 14 (PRE1 gene), and 1 (PRE2) 

are related to early onset of AD most likely by increasing the production of Aβ42. 

Furthermore, trisomy 21 patients (Down’s syndrome) usually develop early onset of AD 

because chromosome 21 encodes for APP. Although increasing amounts of amyloid favors 

Aβ as the cause of AD, only a poor correlation has been found between amount of plaques 

and the severity of the disease. Therefore, the amyloid cascade hypothesis has been 

extended to include also soluble Aβ oligomers [54]. In fact, soluble Aβ species are now 

believed to be the main cause of neurodegeneration in AD because they are more neurotoxic 

than fibrils [43]. 

The structure of ex-vivo amyloid fibrils from cerebral cortex of AD patients has been studied 

by EM and X-ray fiber diffraction [64]. These two techniques have been widely used to 

characterize Aβ fibrils. For example in Fig. 8A-B-C is shown the negative stain TEM of Aβ40 

synthetic fibrils in which is observed a mixture of straight and twisted fibrils [65]. Both types of 

fibrils were unbranched and with a average fiber size of around 70 Å. The helical pitch of the 

twisted fibers was around 460 Å. Interestingly, the extended form of Aβ40 would be around 

140 Å long and according to the EM data the diameter of the fibril is around 70 Å. Based on 

this finding it has been suggested that Aβ40 exhibit a intersheet β-hairpin [66]. 

 

Fig. 8. (A)(B) EM of two types of Aβ40 fibrils: twisted (arrow) and straight (arrowhead). Scale bar, 1000 Å. (C) EM 

with higher magnification of twisted Aβ40 fibrils. Scale bar, 1000 Å. (D) X-ray diffraction of Aβ40: reflection on 

equator at 8.9 Å (arrow) and reflection on meridian at 4,7 Å (arrowhead). (The figure was taken from Ref. [65]) 

Another method used to characterize the fibrillar structure is X-ray diffraction that gives a 

distinctive pattern. The X-ray diffraction pattern of cross-β sheet structure contains two 

reflections: one meridian corresponding to the fibril axis at 4.7 Å and one equatorial 

corresponding to the distance between β-sheets at 10-12 Å (Fig. 8D) [32]. 

A detailed molecular structure of Aβ fibrils has been difficult to obtain because of their non-

crystalline, insoluble structure. However, much progress has been made in the solid state 

NMR (SSNMR) field and based on these studies models of Aβ fibrils have been generated. 

Tycko’s model has been obtained with Aβ40 fibrils generated using gentle agitation. In this 
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model, Aβ40 fibrils exhibited in-register parallel β-sheets [61, 67]. Residues 1-10 are 

structurally disordered, residues 10-22 and 30-40 form two β-strands. Thereby, G25, S26, and 

G29 are not part of β-strands (Fig. 9) [68]. A stabilizing intermolecular salt-bridge between D23 

and K28 and contacts between I31/G37 and M35/G33 were also observed [61, 69]. The 

combination of NMR and TEM data is based on the hypothesis that the protofilament 

contains two layers of Aβ40 molecules that are mainly stabilized by hydrophobic interactions. 

In fact, it has been found that the side chains of L17, F19, A21, A30, I32, L34 and V36 interact 

intramolecularly while side chains of I31, M35 and V39 interact with the second layer at the 

interface. Polar or charged residues (except the one involved in the salt bridge) are placed in 

the outer part of the protofilament. 

 

Fig. 9. Structural model of Aβ40 fibrils based on solid state NMR [69]. Residues of Aβ(1-8) are omitted because 

they are disordered. The axis of the fibril is perpendicular to the page in panels (A), (B), (C) and parallel and 

vertical to the page in panel (D). (A) Layer of the protofilament constituted of two Aβ40 molecules and four β-

strands. Blue and violet double-headed arrows indicate respectively side-chain–side-chain and side-chain–

backbone contacts. (B) Model of Aβ40 protofilament generated by SSNMR data. Amino acids side chains are 

visualized by using green (hydrophobic), purple (polar), red (negatively charged), blue (positively charged). The 

backbone is shown in grey colour. (C)(D) Cartoon representations of Aβ40 protofilament with residues 12–21 in 

red and residues 30–40 in blue with a left-handed twist of 0.833°/Å. (The figure was taken from Ref. [36]) 

Another model proposed by Riek has been obtained by hydrogen/deuterium-exchange NMR 

of Aβ42 fibrils oxidized at the M35 [62]. Oxidation of the methionine side chain has been 

found to be helpful in solution NMR studies [70]. In this model, residues 1–17 are disordered 

and two intermolecular, parallel, in-register β-sheets are formed by residues 18–26 (β1) and 
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31–42 (β2) (Fig. 10C). The two β-strands were connected by a loop. The main differences 

between the two models were: a) in Tycko´s model the side chain interactions are 

intramolecular between the strands belonging to the same molecule which is in contrast to 

the intermolecular nature of the side chain interactions in Riek´s model (Fig. 10A-B); b) the 

side chain interactions in Tycko´s model are between the odd residues of β1 and the odd 

residues of β2, which is in contrast to Riek´s model where the intermolecular contacts are 

between odd residues of β1 and even residues of β2; and c) Tycko´s model had two to four 

Aβ40 molecules per unit length while Riek´s model comprises only one Aβ42 molecule per 

protofilament unit length. The differences between the two models might found a justification 

in the polymorphism of Aβ due to different experimental conditions used to obtain the 

amyloid fibrils. 

 

Fig. 10. 3D structure of a (35Mox)Aβ42 fibril as derived from NMR studies. (A)(B) Ribbon diagrams of the inter-β-

strand interactions of residues 17–42. In (B) the intermolecular salt bridges between residues D23 and K28 are 

highlighted by rectangles. (C) Van der Waals contact surface polarity and ribbon diagram of the (35Mox)Aβ42 

protofilament comprising residues 17–42. The hydrophobic, polar, negatively charged, and positively charged 

amino acid side chains are shown in yellow, green, red, and blue, respectively. Positively and negatively charged 

surface patches are shown in blue and red, respectively, and all others are shown in white. (The figure was taken 

from Ref. [62]) 

1.4 Biochemical approaches to target Aβ aggregation toxicity 

In the past decades much effort has been invested in understanding the molecular 

mechanism of misfolding diseases and in finding compounds which can interact with 

amyloidogenic polypeptides and proteins. In the case of AD, no cure but only treatments that 

somewhat slow down disease progress have been available. However many compounds are 

currently under clinical trials [71]. Various different strategies to intervene with the Aβ 

aggregation pathway have been developed. In the following chapters some of these 

strategies are discussed.  
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1.4.1 Blocking Aβ production 

A possible way to limit Aβ production is to suppress the cleavage of the amyloid precursor 

protein (APP) and several studies focus on discovering compounds that are able to inhibit 

the β- or γ-secretase. 

Few reports on β-secretase inhibitors exist because the active site of the enzyme is quite 

large hence design of inhibitors is rather difficult [72]. β-Secretase is an aspartic-acid 

protease and, additionally, it is involved in the formation of myelin sheaths in peripheral nerve 

cells, making this target not suitable for inhibitors development [73]. 

γ-Secretase is a protease which cleaves transmembrane proteins. It has been found to 

process not only APP but also the Notch receptor which is important for cell differentiation 

[74]. Also in the case of γ-secretase, as for β-secretase is not possible to block completely 

the function of the enzyme but it is rather preferred to alter its activity. Substrate-targeting γ-

secretase modulators (such as NSAIDs) have been shown to affect the production of Aβ by 

binding to APP in the Aβ region and thereby modulate γ-secretase cleavage and the levels of 

released Aβ42 [75, 76]. This kind of approach can bypass the obvious side effect of shutting 

down the enzyme activity but it could find therapeutic application only if APP or its cleavage 

products would not have any physiological function which is yet unknown.  

1.4.2 Immunotherapy 

Another attractive strategy is the use of antibodies for prevention and treatment of AD. The 

immunization concept has been developed by Schenk and coworkers who showed that 

antibodies generated against Aβ42 could lower amyloid formation and reduce pre-formed 

plaques in mice brain [77]. Thereby, fibrillar Aβ42 was injected to the mice in order to 

stimulate the immune response (Fig. 11a). This approach has been applied and confirmed by 

other groups [78, 79]. However, when 6% of the patients participating in the clinical trial of 

Aβ42 fibrils immunization developed meningoencephalities, the study was terminated [80, 

81]. Nevertheless, to avoid such a strong immune response much effort is currently being 

invested in developing new active immunization approaches. For example, new studies have 

been using immunization with Aβ fragments, such as Aβ(1-15) which lack T-cell reactive 

sites of the full length Aβ42 but they are conjugated to a carrier protein that stimulates T-cell 

that in turn will allow B-cell to produce antibodies (Fig. 11b) [82-85]. In this way, T-cell 

response against Aβ is avoided. Another option would be the passive immunization which 

consists of the direct administration of monoclonal anti-Aβ antibody (Fig. 11c). This approach 

bypasses the problem of the stimulation of the immune response. 
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Fig. 11. Antibody approaches against Aβ: active and passive immunization. Active immunization might be 

achieved by (a) administration of Aβ42 or (b) Aβ fragment conjugated to a carrier protein that stimulates the T-cell 

response. (c) Passive immunization requires the direct injection of an anti-Aβ antibody. (The figure was taken 

from Ref. [86]) 

The mechanism of action of active or passive immunization has so far not been clarified. 

However, two possible ways have been proposed: either the antibody in the plasma shifts 

the equilibrium of the various Aβ species in the brain or by crossing the blood brain barrier 

helps in the phagocytosis of the plaques [77, 87]. 

1.4.3 Chaperones 

As shortly described in chapters 1.1.1 and 1.1.2, molecular chaperones assist the correct 

folding of proteins [88]. Therefore, another kind of approach against Aβ self-assembly would 

be to stimulate the chaperone activity. In fact, it has been found that heat shock proteins 

Hsp70, Hsp40, and Hsp90 are able to inhibit the early stage of Aβ42 aggregation in vitro [89]. 

Heat shock proteins are normally present intracellularly but also in the extracellularly, where 

Aβ self-assembly occurs [90]. Clusterin, an extracellular chaperone, has been shown to 

interact and inhibit formation of pre-fibrillar amyloidogenic structures of Aβ42 in a 

substoichiometric manner [91]. Therefore, inducing the up-regulation of chaperones could be 

another way to intervene with the aggregation pathway. Indeed, Hsp90 inhibitor has been 

found to up-regulate Hsp70 and to suppress Aβ induced neurodegeneration in vitro [114]. 
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1.4.4 Small molecule inhibitors 

In the past years many small organic molecules have been found to interfere with Aβ 

aggregation and therefore they have been tested as inhibitors. An advantage of using small 

molecules as inhibitors is that they might be able to cross the blood brain barrier. These 

inhibitors include: surfactants, Cu/Zn chelators, bioactive molecules such as curcumin, 

melatonin, nicotine, rifampicin, and dyes such as Congo red and thioflavin T [92-99]. 

Although Congo red and thioflavin are the characteristic dyes used to detect amyloid 

plaques, they have been also shown to be able to inhibit fibril formation at high 

concentrations. Many of the above mentioned compounds are aromatic and they probably 

act at different stages of the Aβ aggregation pathway. For example, nicotine has been found 

to retard aggregation by stabilizing the α-helical structure of Aβ [96]. In another case, 

hydroxyaniline derivatives, RS-0466 and RS-0406, have been shown to inhibit Aβ 

oligomerization in cells and suppress cytotoxicity in HeLa cells [100, 101]. However, Glabe 

and coworkers systematically tested previously found inhibitors to determine whether 

oligomers are an intermediate stage in fibrillization pathway [102]. Based on their findings, 

they divided the small molecules inhibitors into three classes: compounds that inhibit 

oligomerization but not fibrillization, compounds that inhibit fibrillization but not 

oligomerization and compounds that inhibit both (Table 2). This study shed some light not 

only on the importance of small molecules as amyloid inhibitors but also on the aggregation 

mechanisms in particular with regard to the issue of the role of oligomers in fibrillizations. 

However, a limit of this study is that the oligomers have been detected by the anti-oligomer 

antibody (A11) which could recognize only some of the possible oligomers conformations.  

Table 2. Classes of compounds that intervene with Aβ42 self-assembly. (The table was taken from Ref. [102]) 

Class I (compounds that inhibit 
oligomerization but do not inhibit 

fibrillization) 

Class II (compounds that inhibit both 
oligomerization and fibrillization) 

Class III (compounds that inhibit 
fibrillization but do not inhibit 

oligomerization) 

Azure C 
Basic blue 41 

R(-) Norapomorphine hydrobromide 
Congo red 

Rolitetracycline 
Daunomycin hydrochloride 

C16 
1,2-Naphthoquinone 

Nordihydroguaiaretic acid 
C17 

Juglone 
Myrecitin 

ThT 
Curcumin 

Indomethacin 
Quinacrine mustard dihydrochloride 

Pherphenazine 

Meclocycline sulfosalicylate 
Hemin 

o-Vanillin 
C16 

Hematin 
C17 

Neocuproine 
Lacmoid 

Rifamycin SV 
2,2´-Dihydroxybenzophenone 

Rhodamine B 
Phenol red 

Eosin y 

Apigenin 
Chicago sky blue 

Diallyltartar 
Direct red 
Orange G 
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A disadvantage of small molecule drugs is that because of their size they might be not 

enough specific. Additionally, small molecules can bind the target compound only within a 

limited region. 

1.4.5 Peptide-based inhibitors 

To achieve higher specificity to the target, several strategies based on peptides have been 

developed. Several of the designed inhibitors have a sequence that resembles the 

amyloidogenic core of the protein whose aggregation should be inhibited but contains 

modifications such as N- and C-terminal ones, conformational restrictions, or D-amino acids. 

Tjernberg et al. has shown for the first time that the Aβ amyloid core region, KLVFF, was 

able to inhibit Aβ fibril formation (Fig. 12) [103]. Introducing lysines at N- or C-terminus of the 

KLVFF motif remarkably increased the binding affinity to Aβ possibly due to favorable 

coulombic interactions with full length Aβ [104]. The high affinity of these compounds to Aβ 

was accompanied by an increase in Aβ40 fibrillization rate and an inhibition of Aβ toxicity 

[105]. Soto et al. have developed inhibitors based on the concept of substituting amino acid 

in the amyloidogenic core with β-sheet breaking residues [106, 107]. In their case, proline 

was used as a β-sheet breaker which is well known to reduce β-sheet propensity and to 

interrupt the hydrogen bonding network. The shortest of these inhibitors, LPFFD, has been 

shown to inhibit fibril formation, to disassemble pre-formed fibrils and to reduce Aβ 

cytotoxicity (Fig. 12) [107]. 
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Fig. 12. Examples of peptide based inhibitors against Aβ: A) an inhibitor consisting of the Aβ amyloid core 

sequence KLVFF, B) LPFFD and C) K(N-Me)LV(N-Me)FF(N-Me)AE. 

Later on, many groups followed the concept of designing inhibitors containing 

conformationally constrained amino acids such as N-methyl amino acids or α,α-disubstituted 

amino acids. The use of N-methyl amino acids contributes to: a) a good solubility of the 
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inhibitor, b) a higher resistance to proteolytic cleavage and c) a higher probability for the 

inhibitor to cross the blood brain barrier. Meredith et al. have designed K(N-Me)LV(N-

Me)FF(N-Me)AE, a peptide based on the Aβ core region with three alternated N-methyl 

amino acids (Fig. 12). This peptide has been shown to inhibit Aβ fibril formation and to 

disassemble fibrils [108]. This inhibitor has been suggested to act as a “cap” of the amyloid 

fibrils and its sequence similarity to the Aβ amyloid core KLVFFA contribute to the binding to 

full length Aβ while the alternated N-methyl amino acids act to block the further aggregation 

on that side of the β-strand. Doig et al. reported also a study on a single N-methyl moiety 

introduced into Aβ(25-35) [109]. Out of the six N-methylated analogues only the one with (N-

Me)Gly33
 was able to inhibit both amyloid formation and cytotoxicity of the partial Aβ 

sequence Aβ(25-35). This result would suggest that the position of the N-methylation is 

crucial in the binding to the target molecule and in the structural design of the inhibitor. 

1.5 Type II diabetes and IAPP 

Diabetes is a chronic disease characterized by hyperglycemia. There are two major forms of 

diabetes: type I and type II. In the year 2000, the worldwide prevalence of diabetes has been 

estimated to 171 million, with 18 million suffering from type I diabetes [110, 111]. Type I 

diabetes is considered to develop as a consequence of an autoimmune destruction of the 

insulin producing pancreatic β-cells, preferentially in young people [112]. The most common 

form of diabetes is type 2 diabetes and is characterized by peripheral insulin resistance 

combined with impaired insulin production. In most of these patients deposits of amyloid are 

seen in the pancreatic islets. The amyloid deposits are associated with reduced β-cell mass 

and function [113]. Although the presence of amyloid deposits in pancreas has been first 

described 100 years ago, the protein composition of these deposits has been identified in 

1986 [114, 115]. Their key component Islet Amyloid Polypeptide (IAPP) or amylin has been 

first isolated from amyloid deposits in a human insulinoma [114, 115]. IAPP is mainly 

expressed in pancreatic β-cells where it is stored together with insulin in secretory granules. 

The fact that amyloid has been originally described in the pancreas of a type II diabetic 

patient has led to the hypotheses that it may play a role in diabetes pathogenesis [114]. 

Humans with type 2 diabetes, as well as some animal models of type II diabetes, showed 

amyloid in more islets than age-matched controls [116-118]. Moreover, islet amyloid has 

been identified in humans with type 2 diabetes with a prevalence exceeding 80%, which 

could be compared to the 12% seen in non-diabetic subjects over the age of 40 years [117-

120]. The exact initiation place of formation of islet amyloid is still not clarified. Some data 

suggest that IAPP aggregation is initiated intracellularly and becomes extracellular after the 

β-cell death, whereas other studies support the view of extracellular fibril formation at the site 
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of IAPP secretion from the cells [121, 122]. Amyloid deposits in the vicinity of the islet may 

contribute to a disturbed microenvironment of the islet cells and may lead to an impaired β-

cell function [123]. Moreover, IAPP has been shown to disrupt phospholipid bilayer 

membranes and might therefore act as an inducer of cellular death by apoptosis in 

pancreatic islets [124]. In line with this, IAPP amyloid deposits have been reported to have a 

direct toxic effect on β-cells [125].  

1.5.1 IAPP structure 

ProIAPP is the precursor protein of IAPP and is produced in the pancreatic β-cells as a 67 

amino acid residue containing protein. ProIAPP undergoes proteolysis to yield IAPP, the 37 

amino acid polypeptide. The active form of IAPP contains an intramolecular disulfide bridge 

between the cysteine residues at positions 2 and 7 and a C-terminal amide group (Scheme 

1) [126]. In 1988 it has been demonstrated that a short region of the human IAPP sequence, 

IAPP(20-29), is capable of self-associating into fibrils (Scheme 1) [127]. This region has been 

also found to have a different amino acid composition between different animal species and 

the various sequences differed in their fibrillogenic potentials [128-130]. In fact, species such 

as humans, primates, cats, dogs, monkeys, and raccoons develop islet amyloid while 

rodents do not develop IAPP-derived islet amyloid.  

 

Scheme 1. Primary structure of human, monkey, cat, rat and hamster IAPP. The amyloidogenic sequence 

IAPP(20-29) is bold and underlined. Amino acid residues within the non-human sequence that differ from the 

respective residues of the human sequence are red. (The scheme was taken from Ref. [131]) 

The sequence of rat IAPP (rIAPP) differs from the human IAPP in 6 out of 37 amino acids 

and 5 of these 6 amino acids are located in the region between residues 20 and 29 (Scheme 

1). Most importantly, the rat IAPP(20-29) (rIAPP(20-29)) region contains three prolines [132, 

133]. Synthetic rIAPP and the corresponding rIAPP(20-29) sequences do not form amyloid 

fibrils consistent with the β-sheet breaking potential of proline [127, 129]. Substitution of 

residues Ala25, Ser28 and Ser29 of hIAPP with three proline results in a peptide without 
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amyloidogenic potential at pH<5 which is now used as an insulin adjunctive in T2D treatment 

[134]. Additional studies have found that IAPP(30-37) and IAPP(8-20) are also able to form 

fibrils [135, 136]. These studies have shown that a big part of the IAPP sequence is highly 

amyloidogenic with the exception of the N-terminal part IAPP(1-7). Furthermore, rIAPP(8-20) 

was found to form also fibril as well as IAPP(30-37). By contrast full length rIAPP does not 

make fibrils which suggest that rIAPP(20-29) (containing three prolines) avoid rIAPP 

fibrillization and that IAPP(20-29) is the driving force of IAPP fibrillization [127, 129]. 

Two-dimensional IR with site-specific isotope labeling made during aggregation process 

suggest first the formation of the loop followed by a formation of the two parallel β-sheets 

[137]. Circular dichroism (CD) studies demonstrated that the IAPP monomer adopts random 

coil conformation that is converted to β-sheets with the time [138]. Results derived by 

denaturation studies of IAPP proposed that IAPP is able to adopt a non-amyloidogenic and 

an amyloidogenic conformation in equilibrium with each other [138]. This suggestion was 

supported by a results combinations of mobility mass spectrometry and molecular dynamics 

which have shown that two different types of conformers of IAPP monomers are present: an 

extended β-hairpin containing one and a helix-coil one [139]. The extended β-hairpin 

conformer is absent in the experiments performed on rIAPP suggesting that this conformer 

may play a crucial role in the aggregation pathway of human IAPP. 

1.5.2 IAPP fibrils 

IAPP as other amyloidogenic peptides form amyloid fibrils via a “nucleated growth” 

mechanism. Thereby, formation of a nucleus is a slow process and is followed by a fast 

further aggregation into protofilaments and fibrils. Two to five protofilaments associate to 

produce a fibril which is usually unbranched and exhibits a diameter of 10-30 nm [140]. 

Structural studies on IAPP have been particularly difficult because it has a poor kinetic 

solubility in aqueous solutions and forms fibrils rapidly. However, EPR measurements 

suggested that IAPP exhibits a very dynamic structure in solution and a highly ordered 

parallel structure in the fibrillar state [141]. In the fibrillar state, the same residues from 

different strands were found to be in close proximity to each other and the N-terminus 

showed an unordered structure [141]. Solid state NMR measurements of IAPP fibrils 

structure have been reported by Tycko [142]. This model has been obtained by a 

combination of solid state NMR, TEM, and Langevin dynamics simulations. In this model, 

IAPP fibrils form a parallel in-register assembly with a β-strand-loop-β-strand motif (Fig. 13). 

The two β-strands are IAPP(8-17) and IAPP(28-37). Fig. 13B-C reports two different sets of 

side chain contacts between the two β-sheets obtained from two independent runs. 
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Fig. 13. IAPP fibril molecular structural model generated using restrained Langevin dynamics simulations. (A) 

Ribbon representation of one cross-β-molecular layer, with N- and C-terminal β-strand segments in red and blue, 

respectively. The black arrow indicates the fibril axis. (B) and (C) All-atom representations of two possible models, 

with hydrophobic residues in green, polar residues in magenta, positively charged residues in blue, and disulfide-

linked cysteine residues in yellow. (The figure was taken from Ref. [142]) 

Attempts to crystallize full-length IAPP have been so far unsuccessful. Recently an IAPP fibril 

model based on x-ray diffraction data of cross-β spine structures of the two segments of 

human IAPP, IAPP(21-27) and IAPP(28-33), has been proposed [143]. This model differs 

from the one obtained with NMR with regards to the side chain packing but in principal it has 

similar topological features. 

1.5.3 Inhibitors to target IAPP aggregation and toxicity 

While many different compounds and chemical strategies to inhibit amyloid formation and 

cytotoxicity of Aβ have been developed, there are not so many reports available about IAPP 

aggregation inhibitors. A possible explanation could be that IAPP is one of the most insoluble 

and amyloidogenic polypeptides known with a critical concentration of aggregation which is 

lower than 100 nM [138]. Nevertheless, many small molecules found to inhibit aggregation of 

some of the amyloidogenic peptides have been also found to inhibit IAPP aggregation. Such 

inhibitors include aromatic organic compounds such as tetracycline, rifampicin and 

analogues, the amyloid specific dye congo red (CR), chalcones, and others [144-147]. 

Another approach is the design of peptidic inhibitors which are derived from the IAPP 

sequence. For example, studies on six overlapping hexapeptides spanning the IAPP amyloid 

core IAPP(20-29) demonstrated that IAPP(20-25) and IAPP(24-29) were strongly delaying 

the transition of IAPP to β-sheets and thus to inhibit IAPP amyloidogenesis [148]. 

The use of conformationally constrained amino acids to interrupt and/or prevent β-sheet 

formation was also applied to develop IAPP aggregation inhibitors. A study reported the 

design of short IAPP sequences containing α-aminoisobutyric acid (Aib) known to be a β-

sheet breaker with high α-helical propensity [149]. The modified IAPP(14-20) analogues were 
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found to inhibit IAPP fibril formation. In another study the highly amyloidogenic sequence 

IAPP(20-29) was transformed into its peptoid and retro-peptoid and the peptoid was found to 

be not capable of self-assembly into fibril and to inhibit IAPP(20-29) fibril formation [150]. 

Another category of IAPP aggregation inhibitors introduces N-methyl amino acids in short 

peptides corresponding to the amyloid core of the IAPP sequence [151]. The generated 

peptides do not form β-sheet structure and are very good soluble [151]. Based on the 

information that IAPP(23-27) and IAPP(22-27) are the shortest IAPP sequences still able to 

make fibrils, two N-methyl moieties were introduced to those sequences on the same side of 

the β-strand (Scheme 2) [151, 152]. The double N-methylated hexapeptide [(N-Me)G24, (N-

Me)I26]-IAPP(22-27) has been found to inhibit both amyloidogenicity and cytotoxicity of IAPP 

[151, 153].  

 

Scheme 2. A) Schematic model for IAPP(22-28) antiparallel β-sheet self-assembly based on rotational resonance 

(R
2
) solid state NMR of IAPP(20-29) [154]. B) Hypothetical mechanism of inhibition of IAPP fibril formation by 

introducing two N-methyl residues at G
24

 and I
26

. (The figure was taken from Ref. [151]) 

Based on these findings, the double N-methylated full length IAPP analog [(N-Me)G24, (N-

Me)I26]-IAPP (IAPP-GI) has been designed and synthesized few years ago [155]. It has 

been shown that IAPP-GI is a highly soluble, non-amyloidogenic, and non-cytotoxic IAPP 

mimic and an IAPP receptor agonist [155]. Moreover, IAPP-GI has been shown to bind IAPP 

with low nanomolar affinity and to block IAPP cytotoxic self-assembly and fibrillogenesis with 

activity in the low nanomolar concentration range [155]. Importantly, IAPP-GI dissociates 

cytotoxic IAPP oligomers and fibrils and is able to reverse their cytotoxicity [155]. 
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1.6 Links between AD and T2D 

AD and T2D are chronic, age-related diseases. In AD, the neurodegeneration is related to 

the structural change, self-association, and amyloid fibril deposition of Aβ40 and Aβ42 [156]. 

T2D is characterized by insulin resistance and the deposition of amyloid fibrils consisting of 

islet amyloid polypeptide (IAPP) in pancreas (extracellular deposits) [157]. 

Many studies have demonstrated that there are several similarities between AD and T2D. In 

general, both diseases are characterized by extracellular amyloid deposition and associated 

cell degeneration. Numerous epidemiological studies have shown a two to five fold increased 

risk factor for T2D patients to develop AD and vice versa [158]. In fact, alterations in insulin 

signaling, a symptom of T2D, is likely associated to AD cognitive decline [159]. These 

findings are directly connected to the fact that the insulin receptor is not only expressed in 

the peripheral system but also in neurons and that it does not only regulate sugar blood level 

but it also acts as a growth factor in neurons [160]. Another study has shown that both 

diseases are characterized by insulin signaling abnormalities [161]. In addition it has been 

found that Aβ and IAPP share a similar degradation and clearance system carried out by 

insulin-degrading enzyme (IDE) [162]. A proteomic analysis on healthy pancreatic β-cells 

identified several proteins that are involved in AD pathogenesis [163]. Another proteomic 

study on transgenic mice brain discovered pancreatic islet proteins that are deregulated upon 

Aβ injection [164]. These findings suggest that AD and T2D contribute to the activation of 

pathways and proteins. Moreover Aβ and IAPP are present in similar concentration in serum 

and cerebrospinal fluid therefore the interaction between the two peptides is possible in vivo. 

 

Fig. 14. Primary structures of Aβ and IAPP. Identical residues between sequences are indicated in blue and 

similar residues in green. 

As least but not last, the two amyloidogenic peptides, Aβ and IAPP, share the 25% of 

sequence identity and circa the 50% of sequence similarity (Fig. 14). 

1.7 Aβ-IAPP and Aβ-IAPP-GI interaction 

In the above chapter, the similarities between AD and T2D on the pathophysiological and 

clinical level were discussed. Recently, a link between AD and T2D was found also on the 

molecular level. In fact, the key amyloid polypeptides of AD and T2D, Aβ and IAPP are two 

short, linear, and conformationally flexible polypeptides which exhibit high self-association 
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affinities and their aggregates are highly cytotoxic [45, 165]. Moreover, 25% of the residues 

of the two peptides are identical and they are normally located in the regions which are 

known to be important for the self-association such as Aβ(15-21) and IAPP(10-16) or Aβ(26–

32) and IAPP(21–27) [61, 152, 166]. A recent study by our group has shown that Aβ40 binds 

IAPP with low nanomolar affinity (Kd,app= 48,5 ± 4,2 nM) and that pre-fibrillar Aβ40 attenuates 

IAPP aggregation into IAPP aggregates and fibrils and vice versa (Fig. 15) [167]. As both Aβ 

and IAPP are present at similar concentration in blood and cerebrospinal fluid an interaction 

in vivo would be possible. 

 

Fig. 15. Molecular model of the interaction between pre-fibrillar Aβ40 and IAPP resulting in attenuation of 

cytotoxic self-assembly and fibrillogenesis of both Aβ40 and IAPP (blue arrows). (The figure was taken from Ref. 

[167]) 

The discovery of the Aβ-IAPP interaction was the result of the finding that the IAPP mimic, 

IAPP-GI, has been found to bind with low nanomolar affinity pre-fibrillar Aβ40 (Kd,app= 41,2 ± 

3,9 nM) and to strongly inhibit Aβ40 cytotoxic self-association and fibrillogenesis [167]. 

Additionally, IAPP-GI has been shown to redissociate already formed cytotoxic Aβ40 

assemblies and fibrils [167]. The hetero-complex between Aβ40 and IAPP-GI is stabilized in 

a non-fibrillar and non-toxic soluble oligomeric form due to the high affinity of the Aβ-IAPP-GI 

interaction and the N-methylations in the amyloid core of IAPP-GI which is consistent with 

the high potency of the inhibitory effect of IAPP-GI (Fig. 16). In conclusion, IAPP-GI can be 
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considered as a high affinity ligand of both pre-fibrillar IAPP and Aβ and a cross-amyloid 

disease inhibitor [167]. 

 

Fig. 16. Molecular model of the interaction between IAPP-GI and pre-fibrillar Aβ40 resulting in inhibition and 

reversal of cytotoxic self-assembly and fibrillogenesis of Aβ40 (blue arrows). (The figure was taken from Ref. 

[167]) 

1.8 Aims of the study 

Based on the previous findings about the Aβ-IAPP and Aβ-IAPP-GI interaction the first part 

of this thesis had the following aims: 

1. Identification of Aβ40 and IAPP regions involved in Aβ40-IAPP hetero- and in Aβ40 or 

IAPP self-association by using synthetic membrane-bound peptide arrays. 

2. Characterization of the role of the single IAPP-GI and IAPP segments in the inhibitory 

effect on Aβ40 fibrillogenesis and cytotoxicity. 

3. Studying the role of the N-terminal region of IAPP in inhibition of Aβ40 fibrillogenesis 

and cytotoxicity. 

The second part of this thesis mainly focused on design, synthesis and biophysical and 

biochemical studies of novel Aβ40 aggregation inhibitors which were devised by using the 

“hot regions” of the Aβ40-IAPP (IAPP-GI) interaction interface as a template. Accordingly, 

inhibitors should consist of the IAPP segments, IAPP(8-18) and the N-methylated analog of 

IAPP(22-28) IAPP(22-28)-GI which were covalently connected to each other with different 

linkers. The applied linker structures between IAPP(8-18) and IAPP(22-28)-GI were: 

a) A non-natural conformationally flexible hydrophobic or hydrophilic amino acids 

residue such as Aoc, Adc, PEG. 

b) Segments of 3 natural amino acids which differed in the hydrophobicity and steric 

hindrance effect of their side chains. 

c) A conformationally constrained linker or a cyclic constraint. 

d) In addition, a subclass of analogs containing charged residues at the N- and C-termini 

which were introduced to modulate β-hairpin stability. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Chemicals 

Chemical  Company (city or country) 

Amino acids (Fmoc and side chain protected) IRIS Biotech (Germany) 

Acetaldehyde Roth (Karlsruhe) 

Acetic acid (100% ACS) Merck (Darmstadt) 

Acetic anhydride  Biosolve (Netherland) 

Acetonitrile (HPLC-R) Biosolve (Netherland) 

Ammonium acetate Fluka (Steinheim) 

2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HATU) 

Merck (Darmstadt) 

4-Benzyloxybenzyl Alcohol Resin (Wang resin) IRIS Biotech (Germany) 

Biotin  Sigma-Aldrich (Steinheim) 

5(6)-Carboxyfluorescein (Fluo) Sigma-Aldrich (Steinheim) 

Chloranil Fluka (Steinheim) 

Dichloromethane (DCM) Roth (Karlsruhe) 

7-Diethylaminocoumarine-3-carboxylic acid (Dac) Invitrogen (Eggenstein) 

4-(2´,4´-Dimethoxyphenyl-Fmoc-aminomethyl)-

phenoxyacetamido-norleucyl resin (Rink amide MBHA) 

Merck (Darmstadt) 

Dimethylsulfoxid (DMSO) Roth (Karlsruhe) 

N,N'-Diisopropylcarbodiimide Sigma-Aldrich (Steinheim) 

N,N-Diisopropylethylamine (DIEA) Biosolve (Netherland) 

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 

bromide (MTT) 

Aldrich (Steinheim) 

 

Dimethysulfide (DMS) Fluka (Steinheim) 

Dimethylformamid (DMF) Biosolve (Netherland) 

Diethylether  Roth (Karlsruhe) 

Dithiothreitol (DTT) Sigma-Aldrich (Steinheim) 

1,2-ethandithiol (>98% GC) (EDT) Fluka (Steinheim) 

Ethanol (>96%) Roth (Karlsruhe) 

Formic acid Sigma-Aldrich (Steinheim) 

Glycin Fluka (Steinheim) 

Guanidinium-HCl Roth (Karlsruhe) 

HCl Sigma-Aldrich (Steinheim) 

Hellmanex Hellma 

1,1,1,3,3,3-hexafluoro-2-propanol (grade 99+% ) 

(HFIP) 

Sigma-Aldrich (Steinheim) 

H2SO4 Merck (Darmstadt) 

1-Hydroxybenzotriazole (HOBt) Fluka (Steinheim) 
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Isopropanol  Roth (Karlsruhe) 

KCl  Merck (Darmstadt) 

Methanol (p.a.) Roth (Karlsruhe) 

Milk powder (non-fat dried) AppliChem (Darmstadt) 

NaCl KMF (Lohmar) 

NaOH Merck (Darmstadt) 

NaH2PO4 Merck (Darmstadt) 

Na2B4O7 Merck (Darmstadt) 

Na2HPO4 Merck (Darmstadt) 

NH4HCO3 Fluka (Steinheim) 

Ninhydrin  Fluka (Steinheim) 

Phenol (99% A.C.S reagent) Sigma-Aldrich (Steinheim) 

Piperidin  Biosolve (Netherland) 

Pyridin  Sigma-Aldrich (Steinheim) 

Polylysine Sigma-Aldrich (Steinheim) 

2-propanol (p.a grade) Merck (Darmstadt) 

Proteinmarker-Muti Mark TM Invitrogen (Karlsruhe) 

Sodium acetate Merck (Darmstadt) 

Sodium dodecyl sulfate (SDS) Merck (Darmstadt) 

Super signal duration ECL staining solution Pierce (USA) 

N,N,N′,N′-Tetramethyl-O-(benzotriazol-1-yl)uronium 

tetrafluoroborate (TBTU) 

IRIS Biotech (Germany) 

Tentagel R PHB Rapp Polymere GmbH Tübingen 

Thioanisole (>99% GC) (THA) Fluka (Steinheim) 

Thioflavin T (ThT) Sigma (Steinheim) 

Trifluoroacetic acid (>99.5%) (TFA for synthesis) Biosolve (Netherland) 

Trifluoroacetic acid (>99.9%) (TFA for HPLC) Biosolve (Netherland) 

Triisopropylsilan (TIS) Sigma-Aldrich (Steinheim) 

2-Amino-2-(hydroxymethyl)-1,3-propanediol, 

hydrochloride (Tris-HCl) 

Roth (Darmstadt) 

Triton X-100 Sigma (München) 

Trypsin/EDTA Invitrogen (Karlsruhe) 

Tween 20 Fluka (Steinheim) 

2.1.2 Assay kits 

Assay kit Company (city or country) 

Micro bicinchoninic acid (BCA) protein assay kit Pierce (USA) 

SuperSignal West Dura Extended Duration Substrate  Pierce (USA) 

2.1.3 Materials 

Material Company (city or country) 

Black microwell-plate (96-well) NUNC (Denmark) 

96 well cell culture plate Greiner Bio-One 

(Frickenhausen) 
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Quartz CD cells Hellma (Mullheim) 

Eppendorf tube (1.5 ml) Sarstedt (Nümbrecht) 

Syringe needle 20G 1½ ″ - Nr.1 (0.9X40 mm, sterile) DB Microlance TM (Ireland) 

Syringe needle 27G ¾ ″- Nr.20 (0.4X19 mm,sterile) DB Microlance TM (Ireland) 

Single-use syringe 1 ml (sterile) B. BRAUN (Melsungen) 

Syringe 20 ml (sterile) DB Discardit TM (Spain) 

Filter Millex-FG (0.2 μm pore size, 4 mm) Millipore (Japan) 

Filter Millex-FG (0.2 μm pore size, 25 mm) Millipore (Japan) 

Filter (0.2 µm pore size, unsterile) Schleicher & Schuell 

MicroScience (Dassel) 

Filter (0.2 μm pore size, sterile) Schleicher & Schuell 

MicroScience (Dassel) 

Tissue culture flasks (75 cm2, 250 ml, PS, filter cap, 

sterile) 

Greiner Bio-One 

(Frickenhausen) 

2.1.4 Cell culture media 

Cell culture media Company (city or country) 

Fetal calf serum (FCS) GIBCOTM (UK) 

Glutamine GIBCOTM (UK) 

Horse serum GIBCOTM (UK) 

Penicillin/Streptomycin GIBCOTM (UK) 

RPMI-1640 GIBCOTM (UK) 

Trypsin  GIBCOTM (UK) 

2.1.5 Antibodies 

Antibodies Company (city or country) 

Rabbit anti-amylin (human) IgG Bachem (Switzerland) 

Anti-β-amyloid-protein (1-40) (Rabbit) Bachem (Switzerland) 

Donkey anti-rabbit IgG-POD Amersham (UK) 

Anti-biotin streptavidin-POD conjugate Roche (Switzerland) 

2.2 Methods 

2.2.1 Solid phase peptide synthesis (SPPS) using the Fmoc-strategy  

According to the Fmoc-strategy an orthogonal protection scheme was applied with the Fmoc-

group as a temporary protection of the N  group and tBu- and Trt-based side chain protecting 

groups. Fmoc-cleavage was achieved by 25% piperidine in DMF according to the protocol 

shown in Table 3. Couplings were performed using the amino acid (Fmoc and side chain 

protected) (Fmoc-AA) and TBTU (3-fold molar excess) in the presence of DIEA (4,5-fold 

molar excess) (Table 3). The following Fmoc-protected amino acid derivatives were applied: 

Asp(OtBu), Glu(OtBu), Gln(Trt), Cys(Trt), His(Trt), Lys(Boc), Thr(tBu), Ser(tBu), Arg(Pbf), 
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and Tyr(tBu). The side chain protecting groups of the residues that were covalently linked via 

side chain-to-side chain were: 2-phenyl-isopropyl ester (OPip) for Asp, 4-methyl-trityl (Mtt) for 

Dap [168]. Coupling efficiencies were checked by the Kaiser test, chloranil test for the N-

methylated amino acid [169, 170]. In difficult part of the synthesis, either the determination of 

the substitution level was measured by cleaving the Fmoc-group of a small amount of resin 

with 25% piperidine followed by the measurement of the UV absorbance or a small sample of 

peptide resin was subjected to TFA treatment to cleave the peptide from the resin and the 

resulting solution containing the crude product was examined by reversed-phase high 

performance liquid chromatography (RP-HPLC) and/or mass spectroscopic analysis (MS). 

Table 3. Protocol for SPPS using Fmoc-chemistry. 

Synthesis step Reagent Time 

Fmoc cleavage  25% piperidine / DMF  1 x 5 min  

Fmoc cleavage 25% piperidine / DMF  1 x 10 min  

Wash  DMF  4 x 1 min  

Coupling  Fmoc-AA / TBTU / DIEA (Eq: 3 / 3 / 4,5)  2 x 40 min  

Wash  DMF  3 x 1 min  

Acetylation  Ac
2
O / DIEA (Eq: 10 / 10)  45 min  

Wash  DMF  3 x 1 min  

2.2.1.1 Attachment of the C-terminal amino acid to the resin  

For the synthesis of peptide in a C-terminal amide form (as in the case of IAPP, the several 

analogues or fragment) the 4-(2´,4´-dimethoxyphenyl-Fmoc-aminomethyl)-

phenoxyacetamido-norleucyl resin (Rink amide MBHA) was used. Thereafter, attachment of 

the C-terminal residue was achieved using the same protocol as described in Table 3. 

Coupling time was settled depending on the desired substitution level. For example, peptides 

with high aggregation propensities were kept with a low substitution level by performing a 

single coupling for 1 h (3-fold excess). Following the substitution level determination, 

unreacted amino groups were capped (Ac2O / DIEA in DMF, 10-fold molar excess each with 

regard to the free NH2-groups of the resin) for 1 hr.  

For the synthesis of peptide in a C-terminal acid form, resins with linkers containing a free 

alcoholic group were used, i.e. 4-benzyloxybenzyl alcohol Resin (Wang resin) (Aβ40-

fragments) or Tentagel R PHB (Aβ40). Attachment of the C-terminal residue was achieved 

using 3-fold molar excess Fmoc-AA, TBTU, HOBt (3-fold molar excess) in the presence of 

DIEA (6-fold molar excess) for 1-2 hr depending on the desired substitution level. As 

mentioned above for the synthesis of peptide in a C-terminal amide form, following the 

substitution level determination, unreacted amino groups were capped for 1 hr. 
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2.2.1.2 Determination of the substitution level of resin in Fmoc-strategy  

Estimation of the substitution level of Fmoc-protected peptide resin was performed by 

measuring the absorbance of the piperidine-dibenzofulvene adduct that is generated after 

Fmoc-cleavage. Three aliquots of the dry peptide resin (3-4 mg) were weighted in a 

volumetric flask (10 ml), which was then filled with 25% piperidine in DMF and left to stand 

for 10 min. Thereafter, the absorbance at 290 nm was measured and the substitution level of 

the peptide resin was estimated by the formula:  

 

A: absorbance of sample at 290 nm 

V: volume of the sample (ml) 

: molecular coefficient of piperidine-dibenzofulvene at 290 nm = 5800  

m: weight of peptide resin (g)  

 

The resin was acetylated (Ac2O / DIEA 10-fold molar excess in DMF) for 1 hr prior 

proceeding with the synthesis.  

2.2.1.3 Coupling of Cys residues in Fmoc-SPPS  

Coupling of Fmoc-Cys(Trt)-OH was performed with different methods. The reason is that the 

activation of Fmoc-Cys(Trt)-OH when performed with TBTU in the presence of base as 

normally performed in Fmoc-strategy can cause significant racemization of Cys [171]. 

Therefore, Cys couplings were performed using an in situ activation protocol via 1-

hydroxybenzotriazole (HOBt) and diisopropylcarbodiimide (DIC). For this activation no 

addition of base was necessary. Specifically, equimolar amounts of Fmoc-Cys(Trt)-OH , 

HOBt, and DIC (4-fold molar excess each with regard to the amino groups) were dissolved in 

DMF (concentration 0.15 M each). Following stirring of the reaction mixture at 4 °C for 45 

min, the solution containing the OBt-ester of Fmoc-Cys(Trt) was added to the N -deprotected 

peptide resin. Coupling was performed for 60-90 min. A second activation / coupling cycle 

was also performed using the same methodology. Coupling efficiency was estimated by the 

Kaiser test and prior to proceeding with the synthesis a capping step (Ac
2
O / DIEA in DMF, 

10-fold molar excess each) was usually performed.  

Alternatively, Cys couplings were performed using the 3-fold molar excess of Fmoc-Cys(trt)-

OH and TBTU; DIEA was added until a neutral pH was reached. Coupling was performed 

twice for 60 min. 
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2.2.1.4 Coupling of N-methyl residues and on N-methyl residues 

For the coupling of N-methyl (N-Me) residues the standard TBTU coupling as described in 

2.2.1 was applied. Coupling times were often longer than the ones used for non-N-

methylated amino acids. Coupling of amino acids on N-methyl residues was more difficult 

than the coupling of N-methyl amino acids because of the steric hindrance caused by the 

N-Me residue on the amino group. The coupling efficiency could only be evaluated by the 

acetaldehyde/chloranil test [170]. In the case of positive chloranil test (free amino groups) 

after two couplings a third coupling was carry out by using 2-(7-Aza-1H-benzotriazole-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) as coupling reagent. Thereafter, a 

capping step (Ac
2
O / DIEA in DMF, 10-fold molar excess) was performed. 

2.2.1.5 Side chain-to-side chain cyclization of resin bound peptides 

In IAPP(8-18)L3(22-28)-GI-cyclo the side chains of residues Dap18 and Asp22 were covalently 

linked to each other by using the following method. After incorporation of residue Dap whose 

side-chain was protected by 4-methyltrityl (MTT), the peptide resin was washed with distilled 

DCM. For the side-chain protection of Asp 2-phenyl-isopropyl ester (OPip) was applied. A 

mixture of triisopropylsilane (TIS) (5%) (v/v) and TFA (1%) (v/v) in 99,9% DCM was then 

added to cleave the side chain groups OPip and Mtt following the protocol presented in Table 

4. The completeness of the cleavage reaction was followed by Kaiser Test. After that, the 

peptide resin was finally washed with DCM and DMF and neutralized with 1% DIEA in DMF 

followed by washes with DMF. The cyclization reaction was performed by the addition of 

HATU (4-fold molar excess) and DIEA (4-fold molar excess) in DMF. The completeness of 

the reaction after 16 h was checked by the Kaiser test. A second cyclization reaction for 5 hrs 

was performed. Thereafter, capping of the peptide resin was carried out with acetic 

anhydride and DIEA in DMF (10-fold molar excess each) for 45 min. 

Table 4. Protocol of cleavage of MTT-/OPip- and side chain-to-side chain cyclization in Fmoc-SPPS.  

Synthesis cycle:  Reagent:  Time:  

Wash  DCM  3 x 1 min  

MTT-/OPip- deprotection  TIS / TFA (5% / 1%) in DCM  2 x 2 min  

MTT-/OPip- deprotection TIS / TFA (5% / 1%) in DCM  6 x 10 min  

Wash  DCM  3 x 1 min  

Wash  DMF  3 x 1 min  

Neutralize  1% DIEA / DMF  2 x 2 min  

Wash  DMF  3 x 1 min  

Cyclization  HATU / DIEA (Eq: 4 / 4) in DMF 
1 x 16 hrs  

1 x 4 hrs  

Wash  DMF  3 x 1 min  
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Acetylation  Ac
2
O / DIEA (Eq: 10 / 10) in DMF 45 min  

Wash  DMF  3 x 1 min  

2.2.1.6 Kaiser test  

The Kaiser test is a qualitative colorimetric test for determining the presence or absence of 

free primary amino groups on a peptide resin (following deprotection and coupling steps) 

[169]. The following three solutions are prepared:  

 

 Ninhydrin in ethanol (5 gr in 100 ml ethanol) 

 Phenol in ethanol (40 gr in 10 ml ethanol)  

 An aqueous solution of potassium cyanide in pyridine (2 ml of aqueous 0.001 M KCN 

in 100 ml pyridine)  

 

A small sample of resin is placed into a glass test tube and washed with ethanol. Two drops 

of each of the above solutions are then added to the resin and the mixture is mixed 

thoroughly and heated at 110 °C for 5 min. Blue beads and blue solution indicate the 

presence of more than 95% free amino groups while a yellow solution and yellow beads 

indicate that the coupling is more than 99% complete. However some amino groups (such as 

in Ser, Asn, Asp, Cys and Thr) do not show the expected dark blue colour that is typical for 

more than 95% free primary amino groups. Additionally, the test cannot be applied in the 

case of the imino-acid Pro or N-methylated amino acids because it can detect only primary 

amino groups. 

2.2.1.7 The Acetaldehyde/Chloranil Test 

This sensitive test has been used for the detection of secondary amino groups such as the 

ones present in N-methylated amino acids. It can also detect primary amines [170]. Only the 

beads will be colored in case of a positive test. For the Acetaldehyde/Chloranil Test the 

following two solutions are prepared: 

 

 2% acetaldehyde in DMF 

 2% chloranil in DMF 

 

A few beads of resin are placed in a small test tube and 2-5 drops of each solution are 

added. After a short mixing the mixture is left at room temperature for 5 min and the beads 

are inspected. Dark blue to green beads indicate the presence of free amino group while 

colorless to yellowish beads indicate that the coupling has been accomplished.  
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2.2.1.8 Final deprotection of side chains and peptide cleavage from the resin 

A 95% aqueous trifluoracetic acid (TFA) solution is the typical reagent to perform the final 

cleavage of the peptide from the resin together with the removal of the side chain protecting 

groups in Fmoc-based SPPS. During the reaction highly reactive carbocations are generated 

and it is necessary to trap them to avoid undesired reactions with sensitive amino acids such 

as Cys, Met, Ser, Thr, Trp, Tyr. This effect can be suppressed by the addition of scavengers 

to the cleavage solution. Water is a moderately efficient scavenger and can be used as 

single scavenger for the cleavage of peptides devoid of Cys, Met and Trp. In the presence of 

the previous mentioned residues the cleavage of side chain protecting groups and the 

peptide from the resin was carried out by treatment of the resin with a slight modification of 

reagent K [TFA / water / thioanisole (THA) / ethandithiol (EDT) / phenol: 83 / 4,5 / 4,5 / 2 / 6 

(v/v/v/v/w)] [172]. Cleavage of the peptide resins with sequence containing Cys, Met or Trp 

were carried out using of 20-50 mg resin per 0,5 ml reagent K for 3 hrs at room temperature. 

After filtering the reaction mixture through a syringe equipped with a frit to a centrifuge glass 

containing water, the resin was washed three times with TFA. The aqueous solution was 

then extracted with cold diethyl ether (three times at 4 °C). Extraction was performed as 

follows: diethyl ether was added to the solution and mixed, the solution was then centrifuged 

(2500g, 3 min) and the ether layer was discarded. Thereafter, the aqueous layer was 

lyophilized.  

2.2.2 Disulfide bridge formation in the IAPP analogues 

After the synthesis, IAPP analogues were subjected to air oxidation for the formation of the 

disulfide bridge between Cys2
 

and Cys7. Oxidations were performed in aqueous 0.1 M 

NH4HCO3, 
containing 3 to 6 M Gdn HCl (pH 8) at 1 mg crude product/ml solution to improve 

oxidation yields and solubility of the peptides. The completion of the oxidation was monitored 

by RP-HPLC and for the here synthesized IAPP analogues 2-4 hrs were usually required for 

the oxidation to be accomplished. 

2.2.3 N-terminal labeling of peptides with fluorescein (Fluo-), 7-diethylamino 

coumarin-3-carboxylic acid (Dac-) and Biotin 

Nα-fluorescein label was introduced as follows: after SPPS of the fully protected peptide 

chain and Nα-Fmoc-cleavage, fluorescein was coupled twice using: 5(6)-carboxyfluorescein 

(3-fold excess) in the presence of TBTU (3-fold excess) and DIEA (4,5-fold excess) in DMF 

for 2 h.  
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The “Dac” label was introduced at the free Nα-terminus of the Aβ40 peptide resin via 7-

diethylaminocoumarin-3-carboxylic acid (Dac) (3-fold excess) in the presence of TBTU (3-

fold excess) and DIEA (4,5-fold excess) in DMF two times for 2 h.  

Biotinylated peptides were obtained, first, by introducing N-ε-Fmoc-aminohexanoic acid 

(Fmoc-Ahx-OH) as spacer between biotin and the peptide. The coupling was performed 

using Fmoc-Ahx-OH (3-fold excess), TBTU (3-fold excess) and DIEA (4,5-fold excess) two 

times 1 h. After deprotection of Nα-terminus, Biotin (3-fold excess) in the presence of TBTU 

(3-fold excess) and DIEA (4,5-fold excess) was coupled twice for 2 h. 

The three differently labelled peptides were cleaved by TFA cleavage protocol as described 

under 2.2.1.8. 

2.2.4 Purification and characterization of the peptides  

2.2.4.1 RP-HPLC 

Purification of the products (Aβ40, IAPP analogues and fragments) was carried out by RP-

HPLC on a C18 Nucleosil column with a length of 25 cm, internal diameter of 8 mm and 7 µm 

particle size. The device consisted of a PU-2098 Pump (Jasco), a UV-2075 Detector (Jasco) 

and a C-R6A integrator (Shimadzu). The second device consisted of PU-2080 Plus 

Intelligent HPLC-Pump (Jasco), a DG-2080-53 3-Line Degasser (Jasco), a LG-2080-02 

Ternary Gradient Unit (Jasco), a UV-2077 Plus 4-λ Intelligent UV/Vis detector (Jasco). The 

flow rate was 2 ml/min and eluting buffers were:  

 Buffer A: 0.058% (v/v) TFA in water  

 Buffer B: 0.05% (v/v) TFA in 90% ACN / water 

 Peptides were detected at 214 nm and the gradient programs that were applied are shown 

in Table 5. Eluates containing peptide peaks were immediately frozen in dry ice, and 

lyophilized.  

Table 5. The usually applied HPLC gradient programs to purify the synthetic peptides. 

Slow Program Time Buffer A Buffer B 

  0 70% 30% 

7 70% 30% 

37 40% 60% 

   

Fast Program Time Buffer A Buffer B 

 0 90% 10% 

1 10% 90%  

 31 10% 90% 
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2.2.4.2 Laser Desorption Ionization Mass Spectroscopy (MALDI-MS)  

Characterization of the HPLC purified peptides was performed by MALDI-MS with a MALDI-

TOF/TOF (Bruker Daltonik, Bremen, Germany). Peptides were dissolved in an aqueous 

mixture of 30% ACN 0,1% TFA and then mixed (1:1) with a saturated solution of cyano-4-

hydroxycinnamic acid (HCCA) in 30% ACN 0,1% TFA (matrix). 0,5 µl of the mixture was 

placed on the target, dried and then the spot was washed with 10 mM NH4H2PO4 with 0,1% 

TFA to quench the signal of adduct ions (such as Na+ K+ etc.). The mass was recorded on 

the positive ion mode and monoisotopic mass was determined as [M+H]+. The average 

expected mass of the peptides was calculated using the Peptide Companion software 

(WindowChem Software, North Fairfield, USA).  

2.2.5 Preparation of stock solutions of the HPLC-purified peptides 

2.2.5.1 Aβ40 stock solution 

Aβ40 was dissolved at 1 mg/ml in a mixture of 72% CH3CN in water containing 0.04% TFA, 

aliquoted, lyophilized and stored at –20 °C. Aβ40 stocks were freshly made by reconstituting 

freshly lyophilized Aβ40 aliquots with HFIP (1 mg/ml) on ice. Concentrations of the Aβ40 

stocks were determined using the bicinchoninic acid assay (BCA). The stock solution of 

Aβ40 was kept on ice and used within one day. 

2.2.5.2 Concentration determination of IAPP and IAPP-GI solutions with UV 

spectroscopy  

HPLC purified peptides were stored in lyophilized form at –20 °C. Peptide stock solution was 

made by dissolving the peptide in HFIP to a final concentration of about 500 µM. the solution 

was then filtered (0,2 µm PTFE filter). The exact concentration was determined by UV-

spectroscopy with a Jasco V630 spectrophotometer. UV absorbance of the peptide solution 

was measured between 200 and 400 nm and the absorbance at 274.5 nm was used to 

determine the exact peptide concentration. At this wavelength, the extinction coefficient of 

the Tyr residue ( =1370 M-1 cm-1) and the disulfide bridge of Cys1 and Cys7 ( =70 M-1 cm-1) 

was 1440 M-1 cm-1. Peptide concentrations (C) were calculated according to the Beer-

Lambert law:  

 

A= absorbance of sample at 274,5 nm 

= molecular extinction coefficient of peptides at 274.5nm  

l= length of the cell (1 cm)  
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2.2.5.3 Concentration determination of fluorescein-labeled (Fluo-labeled) peptides and 

Dac-Aβ40 using UV spectroscopy  

HPLC purified peptides were first dissolved in HFIP and then filtered (0,2 µm PTFE filter). UV 

absorbance of the peptide solution was measured between 200 and 600 nm and the 

absorbance at 432 nm (for Fluo-labeled peptides) or 445 nm (for Dac-Aβ40) was used to 

determine the exact peptide concentration. At this wavelength, the extinction coefficient was 

determined to be [173, 174]: 

 

432= 22770 M-1 cm-1 (Fluo-labeled peptide) 

445= 75940 M-1 cm-1 (Dac-labeled peptide) 

 

Peptide concentrations were calculated according to the Beer-Lambert law. 

2.2.6 Bicinchoninic acid (BCA) protein assay 

The BCA Protein Assay combines the reduction of Cu2+ to Cu1+ by a protein in an alkaline 

medium with the highly sensitive and selective colorimetric detection of the cuprous cation 

(Cu1+) by BCA. The BCA/copper complex exhibits a strong linear absorbance at 562 nm with 

increasing protein concentrations. This kit was used to determine the exact amount of Aβ40 

which was obtained after HPLC purification. Aliquots of Aβ40 (1, 2,5 and 5 µg) from HFIP 

stock solution were added to a 96-well plates. After evaporation of HFIP, 50 µl of aqueous 10 

mM sodium phosphate buffer pH 7,4 were added, followed by 150 µl of a freshly made 

solution of BCA kit. The plate was sealed and then incubated for 2h at 37°C. The absorbance 

of the plate was then measured at 570 nm using a 2030 Multilabel Reader VictorX3 

(PerkinElmer). The exact amount of Aβ40 was derived from the calibration curve of known 

amounts of Aβ40. 

2.2.7 Binding assays with membrane-bound peptide arrays 

Decamers corresponding to consecutive overlapping sequences of Aβ40, IAPP and IAPP-GI 

were synthesized on APEG-amino-cellulose membrane (AIMS Scientific Products) in the 

laboratory of Dr. R. Frank (Department of Chemical Biology, Braunschweig - Germany) [175]. 

Membranes were blocked with 2% skim milk powder in aqueous TBSn solution (20 mM Tris 

HCl and 150 mM NaCl containing 0,01% Tween 20) for 1 h at room temperature or overnight 

at 4°C. Membranes were incubated with Nα-amino-terminal biotinylated (biotin-ε-

aminocaproic acid-labeled) peptides in 10 mM sodium phosphate buffer, pH 7.4 at room 

temperature. Membrane bound biotinylated peptides were detected following incubation with 

streptavidin-POD conjugate for 90 min at room temperature and the SuperSignal West Dura 
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Chemiluminescence Reagent. Membranes were also incubated with Aβ40 in the same way 

described above but they were incubated overnight (at 4°C) with an anti-β-amyloid-protein 

(1-40) (Rabbit) (Bachem) followed by anti-rabbit IgG-POD (donkey) (Amersham) secondary 

antibody in combination with the above mentioned chemiluminescence (ECL) detection 

reagent. 

Thereafter, the membranes were stripped with a solution consisting of 2% SDS, 100 mM β-

mercaptoethanol in 50 mM aqueous Tris HCl (pH 6,8) to remove the streptavidin-POD 

conjugate or antibodies. To remove the biotinylated-peptide or Aβ40, harsh conditions have 

been used as follows: 

• Aqueous 50% EtOH  - 10% AcOH  

• Aqueous 8 M urea - 1% SDS - 0,1% mercaptoethanol  

• 100% HFIP 

• Aqueous 6M guanidinium HCl in 0,1M NH4HCO3 

• 95% TFA 5% H2O 

2.2.8 Assessment of cytotoxicity via the MTT reduction assay 

PC-12 cells were cultured in RPMI 1640 medium containing 10% heat-inactivated horse 

serum, 5% fetal calf serum, 25 units/ml penicillin, and 25 μg/ml streptomycin [176]. 24 h prior 

to the cell viability assay, PC-12 cells were trypsinised and plated at a density of 1x105 

cells/ml in polylysine-coated 96-well plates. At the indicated time points, aliquots of the 

peptide incubations were diluted with cell culture medium and added to the cells at the 

indicated final concentrations. PC-12 cells were first incubated with 3-[4,5-dimethylthiazol-2-

yl]-2,5-diphenyltetrazolium bromide (MTT) (1 mg/ml) for 90 minutes at 37°C. Thereafter, cell 

lysis buffer (10% SDS in 20 mM HCl, pH 4.5) was added and cellular MTT reduction was 

measured at 570 nm after overnight incubation at room temperature using a 2030 Multilabel 

Reader VictorX3 (PerkinElmer). All Aβ40 cell toxicity studies were performed in combination 

with the ThT binding assay. Peptide incubations were performed in ThT assay buffer (50 mM 

sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) at an Aβ40 

concentration of 16.5 μM. 

Complete inhibition of cell function (0% viability) was defined as the absorbance value 

obtained in wells containing 0.1% Triton X-100. 100% MTT reduction was defined as the 

absorbance value obtained in wells containing vehicle alone. For the calculation of cell 

viability (% of control) the following formula was used: 
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For the studies of the effects of IAPP analogues on Aβ40 cytotoxicity and fibrillogenesis 

incubations of Aβ40 (16,5 µM) with inhibitors 1/1 in 50 mM sodium phosphate buffer, pH 7.4, 

containing 100 mM NaCl and 1% HFIP (ThT buffer) were performed as described in Ref. 

[167]. Peptide solutions were incubated at room temperature and added to PC-12 cells (at 

final concentrations between 1 μM and 1 nM) at various time points. 

For determination of the IC50 of the inhibitory effect of the best inhibitors on toxicity of Aβ40, 

incubation of Aβ40 (16,5 µM) was mixed with the IAPP analogues with peptide ratios 

between 1:0.1 and 1:20. The solutions, including a control Aβ40 alone, were incubated at 

room temperature for 3 days and thereafter they were added to PC-12 cells at a final 

concentration of Aβ40 on cells between 1 μM and 1 nM. 

To assess the effect of the best inhibitors on cytotoxicity of fibrillar Aβ40, Aβ40 was aged for 

7 days (16.5 M in ThT buffer). Aβ40 was diluted 10 times (1.65 M in ThT buffer) and added to 

the dry peptide at molar ratios of 1/100 Aβ40/peptide. Following 24 h incubation, the 

solutions including a control fibrillar Aβ40 alone were added to PC-12 (at final concentrations 

between 1 µM and 1 nM). 

2.2.9 Thioflavin T (ThT)-Binding Assays 

ThT binding was measured on aliquots of incubations of Aβ40, or mixtures of Aβ40 and 

peptides at 1:1 (16,5 μM) made in ThT assay buffer (50 mM sodium phosphate buffer, pH 

7.4, containing 100 mM NaCl and 1% HFIP). Incubations were performed at room 

temperature (see 2.2.8), and kinetics of fibrillogenesis were followed up to 7 days. At the 

indicated time points, aliquots of the solutions were mixed with a Thioflavin T solution (20 μM 

ThT in 0.05 M glycine/NaOH, pH 8.5), and ThT binding was determined immediately by 

measuring fluorescence emission at 485 nm after excitation at 450 nm using a 2030 

Multilabel Reader VictorX3 (PerkinElmer). 

2.2.10 Far-UV CD spectroscopy 

Peptide incubations were performed in 10 mM sodium phosphate buffer, pH 7.4, with 1% 

HFIP in quartz cells (Hellma) at room temperature. CD spectra were collected at various 

peptide concentrations using a Jasco 715 spectropolarimeter. Spectra were collected 

between 195/200 and 250 nm at 0,1 nm intervals, a response time of 8 seconds and at room 

temperature. CD spectra are presented after subtracting the spectra of buffer alone. To allow 

comparison between different lengths of peptides or different cell lengths, row data in 

millidegrees were converted in mean residue ellipticities (MRE) (deg x cm2 x dmol-1). 
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# AA= number of amino acids of the peptide 

 

All stock solutions were made freshly and dissolved in HFIP at 100-fold higher 

concentrations than the final ones in the cuvett. Peptides stock solutions in HFIP were 

pipetted directly into the buffer (10 mM sodium phosphate pH 7.4) in order to have 1% HFIP 

in the final solution. Mixing was performed by gentle pipetting and the CD spectrum was then 

measured. For the concentration dependence assays, measurements were made in 10 mM 

sodium phosphate buffer, pH 7.4, containing 1% HFIP at different peptide concentrations. 

For the trifluoroethanol (TFE) titration assays, the peptide stock solutions (1 mM) in HFIP 

were diluted in a mixture of 10 mM sodium phosphate buffer, pH 7.4, with the indicated 

amounts of TFE. 

2.2.11 Peptide-peptide interaction studies using Fluorescence Spectroscopy 

Fluorescence measurements were performed with a Spex Fluorolog 2 spectrophotometer or 

a Jasco FP-6500 spectrofluorometer. All titrations were carried out using synthetic Nα-amino-

terminal fluorescein- (Fluo-) or 7-Diethylaminocoumarine-3-carboxylic acid-labeled (Dac-) 

peptides (see 2.2.3) and increasing amount of not labeled peptides as described below [167, 

177]. For the binding studies between Dac-Aβ40 and the IAPP analogues, excitation was at 

430 nm and emission spectra were collected between 440 and 550 nm. For the Fluo-IAPP, 

Fluo-IAPP-GI and self-association binding studies an excitation wavelength of 492 nm was 

applied and fluorescence emission spectra were recorded between 500 and 600 nm. 

Fluorescence measurements were performed in freshly made solutions containing Dac-Aβ40 

(10 nM) or Fluo-peptide (5 nM) and different amounts of non-labeled peptides in 10 mM 

sodium phosphate buffer, pH 7.4, containing 1% HFIP at room temperature. The spectrum 

was recorded within 2-5 min after solution preparation. The changes at 522 nm (Fluo-labeled 

peptide) or at 465 nm (Dac-labeled peptide) were used to generate the binding curve. 

Apparent affinities (app. Kds) were estimated using 1/1 binding models which was in 

accordance with the observed stoichiometries of inhibitory effects. Sigmoidal curve fittings 

and estimation of affinities of interaction (Kd,apps ) were performed with Origin software using: 
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F: fluorescence intensity 

F0: fluorescence intensity of the Fluo-labeled peptide 

Fmax: maximal fluorescence intensity 

logKd: logarithm of the dissociation constant 

L: concentrationof the ligand 

Slope: slope of the curve  
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3 Results 

3.1 Identification of Aβ40 and IAPP regions which are important for the Aβ40-IAPP 

interaction 

The sequences of Aβ40 and IAPP (Fig. 17) are 25% identical and 50% similar, while high 

degrees of identity and similarity are shared between the short sequences Aβ(15–21) and 

IAPP(10–16) or Aβ(26–32) and IAPP(21–27), which are believed to participate in Aβ40 or 

IAPP self-assembly [61, 62, 142, 152, 166, 178]. 

 

Fig. 17. Primary structures of Aβ, IAPP and IAPP-GI. Identical residues between sequences are indicated in blue 

and similar residues in green. Domains previously suggested to be involved in self-association are underlined 

(light blue) [61, 62, 142, 152, 166, 178]. 

In the following, a systematic study of the cross- and self-interaction interface of Aβ40 and 

IAPP will be presented. To address the question as to what regions of Aβ40 bind IAPP and 

vice versa, membrane-bound peptide arrays were used [175, 177]. The interaction interface 

of Aβ40 and IAPP was determined by the above assays and characterized thereafter more 

precisely via fluorescence titration binding assays [177]. The combination of the results of 

these two methods led to the identification of short peptides as “hot spot regions” of the 

cross-interaction interface of Aβ40 and IAPP. 

3.1.1 Identification of Aβ40 and Aβ42 domains involved in Aβ40- and Aβ42-IAPP 

hetero- and Aβ40 and Aβ42 self-association by using membrane-bound peptide 

arrays 

To obtain a first insight into the domains involved in Aβ40-IAPP hetero-association, 

membrane-bound peptide arrays were used. Decamer peptides corresponding to 

consecutive overlapping fragments of the Aβ40 sequence were incubated with 25 µM N-

terminal biotinylated IAPP-GI (Biotin-IAPP-GI) in 10 mM phosphate buffer pH 7,4 overnight 
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(Fig. 18, membrane A). Decamers that bound Biotin-IAPP-GI were detected following 

incubation with streptavidin–conjugate peroxidase (POD) by using the enhanced 

chemiluminescence detection method (ECL).  

 

Fig. 18. Identification of Aβ40 regions that bind IAPP-GI (membrane A), Aβ40 (membrane B) or Aβ42 (membrane 

C). The Aβ40 decamers shown in bold were incubated with 25 µM Biotin-IAPP-GI (A), 10 µM Biotin-Aβ40 (B) or 1 

µM Biotin-Aβ42 (C) in 10 mM phosphate buffer pH 7,4 and detected following incubation with streptavidin–POD 

and development by ECL. Red boxes are binding sites of Aβ40 from the binding to IAPP-GI while blue boxes are 

binding sites of Aβ40 self-association. Membranes are from 2-3 assays. 

Initially, the membrane containing the thirty-one decamers was incubated with 10 µM Biotin-

IAPP in 10 mM phosphate buffer pH 7,4 (data not shown). However, as Biotin-IAPP 

aggregated, only non-specific binding was detected. Therefore, Biotin-IAPP-GI was used as 

a soluble, non-amyloidogenic mimic of Biotin-IAPP [155]. After ECL development, two IAPP 

binding regions were detected in Aβ40: the first was Aβ(12-24) and the second one Aβ(26-

37) (Fig. 18, membrane A). These regions were reminiscent of sequences which have been 

earlier suggested to be involved in Aβ40 self-association [61, 62]. To confirm this 

observation, the regions mediating Aβ40 self-association were determined as follows: the 

above Aβ40 membrane, after having been stripped and washed, was incubated with 10 µM 

Biotin-Aβ40 in 10 mM phosphate buffer (pH 7,4) overnight and following incubation with 

streptavidin POD and ECL. Also in this case two regions were identified: the first one 

involved residues Aβ(11-21) and the second one Aβ(23-37) (Fig. 18, membrane B). Of note, 
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similar regions have been found in previous solid state NMR study where Aβ(12–24) and 

Aβ(30–40) have been shown to adopt β-strand conformations and form parallel β-sheets 

through intermolecular hydrogen bonding [61]. These results indicated that regions that are 

involved in the hetero-association of Aβ40 with IAPP are very similar to the ones involved in 

the self-association of Aβ40. Finally, the Aβ domains involved in Aβ42 self-association were 

determined. To this end, the Aβ40 10-mer containing membrane was incubated with Biotin-

Aβ42 (Fig. 18, membrane C). Regions Aβ(8-22) and Aβ(23-37), which were very similar to 

the ones found to be important for Aβ40 self-association, were thus identified as important for 

Aβ42 self-association as well. 

3.1.2 Identification of IAPP domains involved in IAPP-Aβ40 hetero- and IAPP self-

association by using membrane-bound peptide arrays 

To identify which domains of IAPP were involved in the interaction with Aβ40, twenty-eight 

10-mer IAPP peptide sequences, spanning full length IAPP and positionally shifted by one 

residue were synthesized on a cellulose membrane. Additionally, a membrane consisting of 

non-amyloidogenic decamers spanning sequence IAPP(15-35)-GI, i.e. the IAPP sequence 

between residue 15-35 with 2 N-methylated amino acids at position G24 and I26 was 

synthesized, to exclude the possibility that aggregation of the cellulose-bound peptide chains 

might hinder interaction with Aβ. Membranes were incubated with 2 µM Aβ40 (10 mM 

phosphate buffer, pH 7,4 for 5 hours) (Fig. 19, membrane B) and bound peptide was 

detected with anti-Aβ40 antibody. Decamers within IAPP(1-20) were found to bind Aβ40 

while only a very weak binding was observed in the C-terminal part of IAPP (Fig. 19, 

membrane B). However, examination of binding of the membrane IAPP(15-35)-GI showed 

that this region was in fact able to bind Aβ40 (Fig. 19, membrane D). These results were 

consistent with the suggestion that the membrane bound peptides within the C-terminal 

region of IAPP have a high self-association propensity which prohibited their interaction with 

Aβ40. Next, to identify the regions of IAPP which are mediating its self interaction, the IAPP 

and IAPP-GI membranes were incubated with 25 µM Biotin-IAPP-GI (10 mM phosphate 

buffer, pH 7,4; overnight) (Fig. 19 membrane C and F). The biotinylated peptide bound very 

strong the IAPP(1-20) region while weak binding was observed for the C-terminus of IAPP 

(Fig. 19 membrane C). Biotin-IAPP-GI did not bind IAPP-GI-decamer containing membrane 

(Fig. 19 membrane F). A possible reason for this observation might be the fact that all 

decamers and Biotin-IAPP-GI were N-methylated at G24 and I26. The above results 

suggested that regions of IAPP that are important for the hetero-association with Aβ40 are 

also mediating self-association.  
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Fig. 19. Identification of Aβ42, Aβ40 or IAPP-GI regions that bind to IAPP or IAPP-GI. Decamers corresponding to 

overlapping IAPP sequences (bold) were incubated with 1 µM Biotin-Aβ42 (membrane A), 2 µM Aβ40 (membrane 

B) or 25 µM Biotin-IAPP-GI (membrane C) in 10 mM phosphate buffer pH 7,4. Membranes on the right side 

consist of the decamers spanning IAPP(15–35)-GI which were also probed for binding to Aβ42 (membrane D), 

Aβ40 (membrane E) or IAPP-GI (membrane F). Blue boxes indicate strong binding sites of IAPP to Aβ40 while 

red boxes indicate strong binding sites of IAPP to IAPP. Membranes are from 2-3 assays. 

Subsequently, the IAPP domains involved in Aβ42 hetero-association were determined. 

IAPP and IAPP(15-35)-GI bound peptide decamers were incubated with 1 µM Biotin-Aβ42 

(10 mM phosphate buffer; 6 hours) followed by incubation with streptavidin–conjugate 

peroxidase (POD) (Fig. 19 membrane A and D). The biotinylated peptide bound strongly the 

IAPP(1-20) region though weaker binding was observed for the C-terminus of IAPP (Fig. 19, 

membrane A). Interestingly, Biotin-Aβ42 clearly bound some of the N-methylated peptides of 

the IAPP(15-35)-GI sequence albeit weaker than Biotin-Aβ40 (Fig. 19, membrane D). Thus, 

Biotin-Aβ42 interacted with IAPP and IAPP-GI decamers in a similar manner as found for 

Biotin-Aβ40 (Fig. 19). 

3.1.3 Identification of the cross-interacting pairs of the Aβ40 and IAPP interaction 

interface 

To determine the cross-interacting couples, the membrane containing Aβ40 decamers (see 

3.1.1) was next probed for binding with Biotin-IAPP(10-18) and Biotin-IAPP(20-29). These 
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two regions were found by fluorescence-based binding assays to be sufficient for binding full 

length Aβ40 with an affinity in the submicromolar to low micromolar range [177]. 

Aβ40 membrane was incubated with 140 µM Biotin-IAPP(10-18) (10 mM phosphate buffer, 

pH 7,4; overnight) and bound peptides were thereafter detected with streptavidin–conjugate 

peroxidase (POD) (Fig. 20, membrane A). A strong binding with Aβ(26-37) was found. When 

the Aβ40 membrane was incubated with 100 µM Biotin-Aβ(20-29) (10 mM phosphate buffer, 

pH 7,4; overnight) two binding regions were found: Aβ(11-25) and Aβ(23-37) (Fig. 20, 

membrane B). 

 

Fig. 20. Identification of Aβ40 regions that bind IAPP(10-18) (membrane A) or IAPP(20-29) (membrane B). The 

Aβ40 membrane bound decamers shown in bold were incubated with 140 µM Biotin-IAPP(10-18) (membrane A) 

or 100 µM Biotin- IAPP(20-29) (membrane B) in 10 mM phosphate buffer pH 7,4. Bound biotin-peptides were 

detected following incubation with streptavidin-POD and development by ECL. Red dashed boxes are binding 

sites of Aβ40 to IAPP(10-18) while red dotted boxes are binding sites of Aβ40 to IAPP(20-29). Membranes are 

from 1 assay. 

Next, the membrane containing the IAPP and IAPP(15-35)-GI decamers (see 3.1.2) was 

probed for binding with Biotin-Aβ(15-24) and Biotin- Aβ(25-35). These two regions have been 

found by fluorescence-based binding assays to be sufficient for binding full length IAPP with 

an affinity in the submicromolar to low micromolar range [177]. IAPP and IAPP-GI decamer 

containing membranes were incubated with 90 µM Biotin-Aβ(15-24) (10 mM sodium 

phosphate buffer, pH 7,4; overnight) (Fig. 21 membrane A and C). Strong binding was 

detected within the region IAPP(1-20) (Fig. 21 membrane A). Binding was also observed in 
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the C-terminal part of the IAPP region, IAPP(16-29), and this result was further confirmed by 

the results obtained with the IAPP-GI peptide membrane (Fig. 21 membrane C). Next, 

IAPP/IAPP-GI decamer containing membranes were incubated with 50 µM Biotin-Aβ(25-35) 

(sodium acetate buffer pH 4,2; overnight) (Fig. 21 membrane B and D). The binding studies 

with Biotin-Aβ(25-35) had to be performed in acidic condition (5 mM sodium acetate buffer 

pH 4,2) because this peptide precipitated during incubation in the phosphate buffer (pH 7,4). 

Biotin-Aβ(25-35) was found to bind IAPP(1-20) whereas weaker binding was observed in the 

C-terminus of IAPP. IAPP-GI membrane also contained a binding region which was between 

residues 15 to 25. These results suggested that two IAPP binding sites of the Aβ40 

sequence interact with the same binding site of IAPP which is within the sequence IAPP(1-

20). 

 

Fig. 21. Identification of IAPP or IAPP-GI sequences that bind Aβ(15-24) (membrane A) or Aβ(25-35) (membrane 

B) regions. Decamers corresponding to overlapping IAPP sequences (bold) were incubated with 90 µM Biotin-

Aβ(15-24) (membrane A) in 10 mM phosphate buffer pH 7,4 or 50 µM Biotin- Aβ(25-35) (membrane B) in 5 mM 

acetate buffer pH 4,2. Bound biotin-peptides were detected following incubation with streptavidin-POD and ECL. 

The membranes on the right sides consist of the decamers spanning IAPP(15–35)(GI) which were also probed for 

binding to Aβ(15-24) (membrane C) or Aβ(25-35) (membrane D). Blue dashed boxes are binding sites of IAPP to 

Aβ(15-24) while blue dotted boxes are binding sites of IAPP to Aβ(25-35). Membranes are from 1 assay. 
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3.1.4 Identification of Aβ40 and IAPP domains involved in the interaction with rIAPP 

by using membrane-bound peptide arrays 

In the following, the interaction between rIAPP and Aβ40, IAPP and IAPP-GI was examined. 

rIAPP is a natively non-amyloidogenic and non-cytotoxic IAPP analog that differs from 

(human) IAPP in six residues that are located in the region between residues 20 and 29 (see 

1.5.1 Scheme 1). 

 

Fig. 22. Identification of Aβ40, IAPP and IAPP-GI sequences that bind rIAPP. Biotin-rIAPP (25 µM) was incubated 

with decamers corresponding to overlapping sequences within Aβ40 (left, membrane A) in 10 mM phosphate 

buffer pH 7,4. Biotin-rIAPP (16 µM) was incubated with decamers corresponding to overlapping sequences within 

IAPP (right, membrane B) and IAPP(15-35)-GI (left, membrane C) in 10 mM phosphate buffer pH 7,4. Bound 

biotin-peptides were detected following incubation with streptavidin-POD and ECL. Green boxes are the identified 

10-mer sequences of Aβ40, IAPP and IAPP(15-35)-GI that bound to rIAPP. Membranes are from 1 assay. 

The membrane containing Aβ40 decamers was incubated with 25 µM Biotin-rIAPP (10 mM 

phosphate buffer, pH 7,4; overnight) and bound peptides were detected with streptavidin–

conjugate peroxidase (POD) (Fig. 22, membrane A). Two regions were identified: the first 

one involved residues Aβ(1-19) and the second one Aβ(24-37). Next, to identify the regions 

of IAPP which are mediating the interaction with rIAPP, the IAPP and IAPP-GI membranes 

were incubated with 16 µM Biotin-rIAPP (10 mM phosphate buffer, pH 7,4; 6 h) (Fig. 22, 

membrane B and C). The biotinylated peptide bound strong the IAPP(1-16) (Fig. 22, 

membrane B). Biotin-rIAPP did not bind IAPP(15-35)-GI-decamer containing membrane (Fig. 
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22, membrane C). These results together with the results of Fig. 18 (membrane A) indicated 

that rIAPP bound different sequence parts of Aβ40 than IAPP-GI which are mainly located at 

the N-terminus. By contrast, rIAPP is found to bind to similar N-terminal regions of IAPP as 

IAPP-GI does (Fig. 19 membrane C-F). Therefore, regions that were involved in the hetero-

association of Aβ40 with IAPP are specific and selective for that interaction.  

3.2 Identification of the partial IAPP and IAPP-GI sequences which are able to inhibit 

Aβ40 fibrillogenesis and cytotoxicity 

As previous studies of our group have shown that IAPP-GI is a very efficient inhibitor of Aβ40 

fibrillization and cytotoxicity, the next question to be addressed was whether and which 

partial IAPP and IAPP-GI sequences might be also able to inhibit Aβ40 fibrillization and 

cytotoxicity [167]. To address this question, a number of peptide sequences derived via 

“deletion” of parts of the IAPP sequence were synthesized and tested (Fig. 23). First, the N-

terminus and C-terminus were removed from the full sequence of IAPP-GI, yielding the 

peptides IAPP(8-37)-GI and IAPP(1-28)-GI. Of note, the C- and N-terminal sequences 

IAPP(30-37) and IAPP(1-7) have been previously shown by fluorescence studies to be 

unable to bind Aβ40 [177]. Thereafter, the sequence without C- and N-terminal parts, i. e. 

IAPP(8-28)-GI, was synthesized. This peptide contained both “hot regions” of the Aβ40-IAPP 

interface. In addition the following sequences were synthesized and tested: IAPP(1-7), 

IAPP(22-28)-GI, IAPP(30-37), IAPP(8-18), and IAPP(1-18). 

 

Fig. 23. Primary structure of IAPP-GI. Domains of IAPP-GI which were studied with regard to their interaction with 

Aβ40 within this chapter: IAPP(8-37)-GI (red), IAPP(1-28)-GI (green), IAPP(8-28)-GI (blue), IAPP(1-7) (cyan), 

IAPP(30-37) (magenta), IAPP(22-28)-GI (dark cyan), IAPP(1-18) and IAPP(8-18) (grey). 

Peptides were synthesized by solid phase peptide synthesis methodology (SPPS) utilizing 

the Fmoc-strategy. They were purified by RP-HPLC and MALDI mass spectrometry 

confirmed the expected mass as it is shown in Table 6. 
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Table 6. Characterization of the synthetic partial IAPP (IAPP-GI) peptide sequences of Fig. 23 (C-terminal amides 

except IAPP(1-18) and IAPP(8-18) that were C-terminal acids) via HPLC and MALDI-MS (monoisotopic mass). 

 HPLC prg. rt (min) [M+H]+ expected [M+H]+ found 

IAPP(8-37)-GI Slow 19,6´ 3184 3184 

IAPP(1-28)-GI Slow 24,3´ 3006 3006 

IAPP(8-28)-GI Fast 19´ 2288 2287 

IAPP(1-7) Fast 21,1´ 738 739 

IAPP(22-28)-GI Fast 17,5´ 748 748 

IAPP(1-18) Fast 17,2´ 1992 1992 

IAPP(8-18) Fast 18,5´ 1270 1270 

 

The effects of these peptides on Aβ40 fibrillogenesis and cytotoxicity were studied by the 

thioflavin T and MTT reduction assay. Amyloid fibrils of polypeptides and proteins, including 

Aβ40, bind the fluorescent dye ThT and the increase in fluorescence emission is broadly 

used as a specific and quantitative assay for fibril formation [179, 180]. Thereby, Aβ40 and 

the 1/1 mixture of Aβ40 with each of the peptides (16.5 μM each) were incubated in ThT 

buffer (50 mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) for 

several days. At the time points shown in Fig. 24A aliquots of the incubations were mixed 

with a ThT solution and, following excitation at 450 nm, fluorescence emission of the solution 

at 485 nm was measured. For the cell viability assays, aliquots of the solutions used in the 

ThT assay were diluted with cell culture medium at incubation time points 72 and 168 h and 

added to PC-12 cells at the indicated final concentrations. Following incubation for 24 h with 

the cells, cell viabilities were assessed by measuring the cellular reduction of MTT [181]. As 

shown in Fig. 24A, peptides IAPP(1-28)-GI, IAPP(30-37), IAPP(1-18) and IAPP(8-18) 

delayed or suppressed fibril formation by Aβ40. Thereby, IAPP(1-28)-GI proved to be the 

most potent inhibitor although not as efficient as IAPP-GI. By contrast, IAPP(8-37)-GI, 

IAPP(8-28)-GI, IAPP(1-7) and IAPP(22-28)-GI did not affect Aβ40 fibrillogenesis. The 

difference between the effects of IAPP(1-28)-GI and IAPP(8-28)-GI or IAPP(1-37)-GI and 

IAPP(8-37)-GI suggested that the N-terminus IAPP(1-7) is important for the inhibitory effect 

of IAPP-GI on Aβ40 aggregation [167]. MTT assay of the 72 h aged Aβ40 solution showed 

the presence of cytotoxic Aβ40 aggregates at that time point of incubation (Fig. 24B-C). The 

72 h aged mixtures (1:1) of Aβ40 with IAPP(1-7), IAPP(8-18), IAPP(22-28)-GI, IAPP(30-37) 

(Fig. 24B), IAPP(8-37)-GI and IAPP(8-28)-GI were similarly cytotoxic as Aβ40 alone (Fig. 

24C). By contrast, the 72 h aged mixtures of Aβ40 with IAPP(1-18) (Fig. 24B) and IAPP(1-

28)-GI (Fig. 24C) were not cytotoxic. IAPP(1-28)-GI proved thus to be the most potent 

inhibitor also with regard to Aβ40 cytotoxicity, demonstrating that the results of the ThT and 
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MTT assays were in good agreement. The effects of the two peptides IAPP(1-18) and 

IAPP(1-28)-GI which were found to be capable of inhibiting Aβ40 cytotoxicity at the 

incubation time point of 72 h, were also examined after 7 days of incubation. 168 h aged 

Aβ40 was more cytotoxic than the 72 h aged solution and the presence of the peptides did 

not affect its cytotoxicity. By contrast, in the presence of IAPP-GI (1/1) no cytotoxicity was 

found in the 168 h aged Aβ40 solution which was in agreement to previous findings (Fig. 

24D) [167]. 

In conclusion, the two IAPP hot regions of the Aβ-IAPP interaction interface IAPP(8-18) and 

IAPP(22-28)-GI when linked together by the tripeptide SSN, as it occurs in IAPP(8-28)-GI, 

were not able to inhibit Aβ40 fibrillogenesis and cytotoxicity. This result was surprising as a) 

IAPP-GI which is a N- and C-terminal extended version of IAPP(8-28)-GI is a highly potent 

inhibitor of Aβ40 fibrillogenesis and cytotoxicity and b) the IAPP sequence parts IAPP(1-7) 

and IAPP(30-37) were found to not interact with Aβ40 [167, 177]. The addition of the N-

terminal part IAPP(1-7) to IAPP(8-28)-GI resulted in IAPP(1-28)-GI which was a strong 

inhibitor of Aβ40 fibrillogenesis and cytotoxicity. However, IAPP(1-28)-GI was not as effective 

as IAPP-GI [167]. As it was shown that IAPP(30-37) or IAPP(8-37)-GI were not able to inhibit 

Aβ40 fibrillogenesis and cytotoxicity, it appeared that the N-terminus IAPP(1-7) may act by 

stabilizing a specific conformation of IAPP-GI which is important for its interaction with Aβ40 

and the inhibition of Aβ40 fibril formation and cytotoxicity. 
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Fig. 24. Effect of IAPP(8-37)-GI, IAPP(1-28)-GI, IAPP(8-28)-GI, IAPP(1-7), IAPP(30-37), IAPP(22-28)-GI, IAPP(8-

18), IAPP(1-18) and IAPP-GI, on Aβ40 fibrillogenesis and cytotoxicity. (A) Fibrillogenesis of Aβ40 (16.5 μM in 50 

mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) and of 1:1 mixtures of Aβ40 with 

peptides was followed by the ThT binding assay. (B) (C) Aβ40 and a mixture of Aβ40 with peptide (16.5 μM in 50 

mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) were incubated for 3 days. Aliquots 

were then diluted with cell culture medium and added to PC-12 cells at the indicated final concentrations. 

Following 24 h incubation at 37°C cell viabilities were assessed via the MTT reduction assay. (D) Aβ40-inhibitor 

mixtures which were found to inhibit following 3 days incubation were added to PC-12 cell at the time point 7 

days. Cell viabilities were determined as under (B) and (C). Data are means (±SEM) of 3 assays (performed in 

triplicates). 

Next, a fluorescence titration binding assay was used to determine whether different Aβ40 

binding affinities cause the different inhibitory effects of these peptides segments on Aβ40 

fibril formation and cytotoxicity. In addition, the binding affinities of the peptides to IAPP, 

IAPP-GI and to themselves were examined in order to test whether they are similar to the 

affinities of the interaction with Aβ40 as found for the hot regions [177] (Table 7). The 

principle of this assay is the following; Nα-amino terminal labeled peptide is titrated with an 

unlabeled peptide. Through the interaction of the peptide with the labeled one, the intensity 

of the fluorescence emission of the label may increase or decrease in a ligand concentration 

dependent manner. To ensure that the peptides were in a non-aggregated status at the 

beginning of the experiment, the stock solutions were made in hexafluoroisopropanol (HFIP). 

The concentration of the labeled peptides was kept as low as possible to guarantee a non-

aggregated peptide and at the same time a reasonable fluorescence signal. 5(6)-

carboxyfluorescein (Fluo) was normally used as the fluorophore and was coupled to the Nα-

amino terminal IAPP, IAPP-GI, or for the self association studies to the peptide segments by 

themselves. The concentration of the fluorescein labeled peptide (Fluo-peptide) was 5 nM 

and, following mixing with increasing amount of peptide ligands, fluorescence emission 

spectra were recorded between 500-600 nm with excitation wavelength at 492 nm. For 

measuring the affinities of the peptides to Aβ40, Aβ40 was labeled at the N-terminus with 7-
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diethylaminocoumarine-3-carboxylic acid (Dac). The concentration of Dac-Aβ40 was 10 nM 

and, following mixing with increasing amounts of peptide ligands, fluorescence emission 

spectra were recorded between 450-550 nm with excitation wavelength at 430 nm. Binding 

curves were obtained by plotting the maximum of fluorescent emission (522 nm for Fluo-

peptide and 465 nm for Dac-Aβ40) versus the logarithm of the concentration of the non-

labeled peptide. Apparent affinities (app. Kds) were estimated using 1/1 binding-based 

models which was in accordance with the observed stoichiometry of the inhibitory effect of 

IAPP-GI on Aβ40 aggregation [167]. 

Table 7. Apparent affinities (app. Kd) of interaction of IAPP(8-37)-GI, IAPP(1-28)-GI, IAPP(8-28)-GI with Dac-

Aβ40, Fluo-IAPP, Fluo-IAPP-GI and their N-terminal Fluo labeled form as determined by fluorescence titration 

binding assays. The measurements were carried out in 10 mM sodium phosphate buffer, pH 7.4, 1% HFIP and at 

room temperature. The concentration of the fluorescently labeled peptide was 10 nM for Dac-Aβ40 and 5 nM for 

Fluo-peptide. Kd,app values were determined from one or three binding curves (± SEM where indicated). 

 Dac-Aβ40 Fluo-IAPP Fluo-IAPP-GI Self-Ass. 

IAPP(8-37)-GI 74 nM 500 nM 411 nM 168 nM 

IAPP(1-28)-GI 192±10 nM 17 nM 52 nM 44±2 nM 

IAPP(8-28)-GI 196±20 nM 195 nM 126 nM 71±10 nM 

 

All tested IAPP-GI fragments were found to be able to interact and bind with high affinity 

Dac-Aβ40, Fluo-IAPP, and Fluo-IAPP-GI. IAPP(1-28)-GI which was the most potent inhibitor 

as compared to IAPP(8-28)-GI and IAPP(8-37)-GI appeared to have an app. Kd to Dac-Aβ40 

which was in the same range as the affinities of IAPP(8-28)-GI or IAPP(8-37)-GI. These 

results indicated that there is no direct correlation between binding affinities of these 

sequences and their effects on Aβ40 fibrillogenesis and cytotoxicity. 

3.3 Role of the IAPP N-terminal sequence IAPP(1-7) for its interaction with Aβ40 

3.3.1 Function of the N-terminus related to IAPP(8-28)-GI analogs 

The results of the studies of chapter 3.2 indicated that the N-terminus of IAPP (IAPP(1-7)) 

may play an important role in the Aβ40-IAPP interaction. To address this issue, the 

properties of the sequences IAPP(8-28)-GI vs. IAPP(1-28)-GI and two analogs were further 

studied. Starting from the point that the two hot regions of the IAPP-GI-Aβ40 interaction were 

IAPP(8-18) and IAPP(22-28)-GI, these two regions were connected by a sequence of three 

amino acids as in the case of the native IAPP (see 3.1 and Ref. [177]). Thereby, various 

analogues were designed and the two of them which will be discussed now were generated 

in two different forms: in the IAPP(8-28)-GI and in the IAPP(1-28)-GI form. In the first 
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analogue the three amino acids were glycines and in the second one the three amino acids 

were alanines. These two analogs were: a) IAPP(8-18)G3(22-28)-GI and IAPP(1-18)G3(22-

28)-GI and b) IAPP(8-18)A3(22-28)-GI and IAPP(1-18)A3(22-28)-GI (Fig. 25). 

 

Fig. 25. Primary structure of IAPP-GI. Domains found to be hot regions for the Aβ40-IAPP interface are bold and 

underlined. Schematic presentation of designed IAPP-GI analogs: IAPP(8-28)-GI (red), IAPP(8-18)G3(22-28)-GI 

(green), IAPP(8-18)A3(22-28)-GI (blue), IAPP(1-28)-GI (cyan), IAPP(1-18)G3(22-28)-GI (magenta) and IAPP(1-

18)G3(22-28)-GI (dark cyan). 

Peptides were synthesized by solid phase peptide synthesis (SPPS) utilizing Fmoc-strategy. 

They were purified by HPLC and MALDI mass spectrometry was used to determine their 

mass as shown in Table 8. 

Table 8. Characterization of peptides synthesized by Fmoc-chemistry (C-terminal amides) via their HPLC 

retention time (rt) and MS. 

 HPLC prg. rt (min) [M+H]+ expected [M+H]+found 

IAPP(8-18)G3(22-28)-GI Fast 18,7´ 2171 2171 

IAPP(1-18)G3(22-28)-GI Slow 23,3´ 2892 2892 

IAPP(8-18)A3(22-28)-GI Slow 24,1´ 2213 2213 

IAPP(1-18)A3(22-28)-GI Fast 29´ 2931 2931 

 

Next, the question was addressed whether these IAPP-GI analogs could intervene with Aβ40 

self-assembly into fibrils and affect formation of cytotoxic Aβ40 aggregates. Aβ40 alone (16.5 

μM, pH 7.4) and the mixture of Aβ40 with peptides (16.5 μM each, pH 7.4) were incubated 

for 7 days and fibrillogenesis and cytotoxicity were followed by the ThT binding and the MTT 

reduction assay.  

According to the ThT binding assay, Aβ40 fibrillogenesis exhibited a lag-time of ~48 h and 

reached completion between 96 and 120 h (Fig. 26A). In the presence of IAPP(8-18)A3(22-
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28)-GI formation of Aβ40 fibrils was suppressed while IAPP(8-28)-GI and IAPP(8-18)G3(22-

28)-GI had no or only little influence on Aβ40 fibrillogenesis. However, IAPP(8-18)A3(22-28)-

GI was found to inhibit Aβ40 fibrillogenesis. Moreover the IAPP(1-28)-GI analogs, i. e. 

IAPP(1-28)-GI, IAPP(1-18)G3(22-28)-GI, and IAPP(1-18)A3(22-28)-GI blocked Aβ40 

fibrillogenesis. These results suggested that both the linker connecting the “hot regions” and 

the N-terminal region of IAPP are important for inhibition of Aβ40 fibrillogenesis. 

To examine whether these analogs may also inhibit formation of cytotoxic Aβ40 aggregates, 

aliquots of mixtures of Aβ40 with each of them (16.5 μM each, pH 7.4) and an incubation of 

Aβ40 alone (16.5 μM) (solutions used for the ThT binding) were added to PC-12 cells at 

various time points of the fibrillogenesis process (between 0 h and 7 days) and cell viability 

was assessed by the MTT reduction assay. Aβ40 alone was not toxic when added to the 

cells immediately after solution preparation (data not shown). After 72 h incubation, Aβ40 

cytotoxicity increased whereas in the mixture of Aβ40 with IAPP(8-18)A3(22-28)-GI formation 

of Aβ40 cytotoxic species was found to be partially inhibited (Fig. 26B). By contrast, the 

mixtures of Aβ40 with IAPP(8-28)-GI or IAPP(8-18)G3(22-28)-GI were as toxic as Aβ40 

alone (Fig. 26B). Thus, IAPP(8-18)A3(22-28)-GI was an inhibitor of Aβ40 cytotoxicity which 

was in good agreement with the results of ThT assay. Also in the mixtures of Aβ40 with 

IAPP(1-28)-GI, IAPP(1-18)G3(22-28)-GI, IAPP(1-18)A3(22-28)-GI no cytotoxic species after 

72 h incubation were found (Fig. 26C). Therefore, the MTT assay on the effects of the 

analogs of IAPP(1-28)-GI on Aβ40 cytotoxicity was also performed at 7 days incubation (Fig. 

26D) and IAPP(1-18)G3(22-28)-GI was found to be still able to inhibit cytotoxic Aβ40 self-

assembly. The mixture of Aβ40 with IAPP(1-18)A3(22-28)-GI was slightly less toxic than 

Aβ40 alone while IAPP(1-28)-GI did not suppress Aβ40 cytotoxicity. These results indicated 

that the ability of partial IAPP-GI sequences to inhibit Aβ40 fibrillogenesis and cytotoxicity 

can be modulated by a) changing the linker between the “hot regions” of the IAPP-GI-Aβ40 

interaction interface and b) by including the N-terminal IAPP(1-7) region. 
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Fig. 26. Effect of IAPP(8-28)-GI, IAPP(8-18)G3(22-28)-GI, IAPP(8-18)A3(22-28)-GI, IAPP(1-28)-GI, IAPP(1-

18)G3(22-28)-GI and IAPP(1-18)A3(22-28)-GI on Aβ40 fibrillogenesis and cytotoxicity. (A) Fibrillogenesis of Aβ40 

(16.5 μM in 50 mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) and of a mixture of 

Aβ40 with peptides (1:1) was followed by the ThT binding assay. (B)(C) Aβ40 and mixtures (1:1) of Aβ40 with 

peptides (16.5 μM in 50 mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) were 

incubated for 3 days. Aliquots were then diluted with cell culture medium and added to PC-12 cells at the 

indicated final concentrations. Following 24h incubation at 37°C, cell viabilities were assessed via the MTT 

reduction assay. (D) Aβ40 and IAPP-GI analogues mixtures which were found to inhibit at the time point of 3 days 

were added to PC-12 cells at the time point of 7 days. Cell viabilities were determined as under (B) and (C). Data 

are means (±SEM) of 3 assays (performed in triplicates). 

Next, the conformations of the above peptides were determined by far-UV CD spectroscopy. 

For these measurements, peptides were dissolved in 10 mM sodium phosphate buffer, pH 

7.4, containing 1% HFIP and CD spectra were recorded. First, CD spectra of the peptides 

were measured at different peptide concentrations (5-200 µM) to determine their aggregation 

propensities. In general, the CD spectra of all tested peptides exhibited a pronounced 

minimum around 200 nm which indicated the presence of significant amounts of unordered 

structure and a second minimum around 225 nm which was indicative of more ordered most 

likely β-sheet- and/or β-turn-containing conformations (Fig. 27). Of note, IAPP(22-27) has 

been previously shown to have a pronounced minimum at about 200 nm, indicative of a 

predominantly random coil structure, while the spectrum of IAPP(22-27)-GI had a strong 

minimum at about 225 nm and a maximum at about 198 nm, suggesting an ordered and β-

turn/β-sheet containing structure [151]. Therefore, the structure formed due to N-methylation 

of G24 and I26 is one major contributor of the secondary structure contents corresponding to 

the minimum at 225 nm. Accordingly, the magnitude of the signal at 225 nm differs in the CD 

spectra of the various peptides consistent with peptide specific contributions to the β-turn/β-

sheets conformations of the analogues. 

The critical concentrations for the oligomerization of IAPP(8-28)-GI, IAPP(8-18)G3(22-28)-GI 

and IAPP(8-18)A3(22-28)-GI were found to be between 50-100 µM while above a peptide 
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concentration of 50 µM a decrease of signal was observed consistent with formation of 

soluble oligomers (Fig. 27A-C-E). 

The CD spectra of IAPP(1-28)-GI, IAPP(1-18)G3(22-28)-GI, and IAPP(1-18)A3(22-28)-GI 

exhibited the same two minima as the IAPP(8-28)-GI analogs at 200 and 225 nm (Fig. 27B-

D-F). However, the ratios between the two minima were significantly different from the ratio 

of the minima in the IAPP(8-28)-GI. Thus, β-sheet- and/or β-turn content in the IAPP(1-28)-

GI analogs appeared to be similar to the amount of IAPP(8-28)-GI analogs but the random 

coil content in the IAPP(1-28)-GI analogs was significantly lower than in the IAPP(8-28)-GI 

analogs. This suggests that the IAPP(1-28)-GI analogs have a more ordered structure than 

the IAPP(8-28)-GI sequences. In addition, the CD spectra of IAPP(1-28)-GI, IAPP(1-

18)G3(22-28)-GI showed no concentration dependence up to 100 µM. The spectra of 

IAPP(1-18)A3(22-28)-GI indicated that aggregation started already at 5-10 µM. In fact, the 

CD spectrum of this peptide exhibited a pronounced β-sheet/β-turn signal and only a small 

random coil signal while by increasing the peptide concentration both β-sheet and the 

random coil minima became less. 
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Fig. 27. Concentration dependence of the conformation of IAPP(8-28)-GI (A), IAPP(1-28)-GI (B), IAPP(8-

18)G3(22-28)-GI (C), IAPP(1-18)G3(22-28)-GI (D), IAPP(8-18)A3(22-28)-GI (E) and IAPP(1-28)-GI (F) as 

assessed by far-UV CD spectroscopy. Experiments were performed in 10 mM sodium phosphate buffer, pH 7.4, 

containing 1% HFIP. 

Next, the effects of trifluoroethanol (TFE) on the conformation of the above peptides were 

investigated. TFE promotes unfolding and intramolecular hydrogen bonds in proteins [182]. 

At low concentrations, TFE can destabilize thus specific tertiary interactions of proteins 

whereas at higher concentrations it is known to stabilize α-helical structures in polypeptides 

with α-helical propensity or non-natively folded states [182]. 

As mentioned above, the CD spectra of the peptides obtained in pure aqueous buffer (pH 

7.4) showed a minimum at circa 200 nm which was typical of unordered conformation and a 

minimum at 225 nm which was typical of β-sheet- and/or β-turns. By increasing the amount 

of TFE, however, strong CD changes were observed and they were indicative of α-helix 

formation (two minima around 208 nm and 222nm) (Fig. 28). In addition, the CD spectra at 

different amount of TFE of IAPP(8-28)-GI, IAPP(8-18)A3(22-28)-GI and IAPP(1-18)G3(22-

28)-GI were characterized by an isodichroic point at circa 200 nm indicating a two state 

transition (Fig. 28) [183].  
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Fig. 28. Effects of TFE on conformation of aqueous solution of IAPP(8-28)-GI (A), IAPP(8-18)G3(22-28)-GI (B), 

IAPP(8-18)A3(22-28)-GI (C), IAPP(1-28)-GI (D), IAPP(1-18)G3(22-28)-GI (E) and IAPP(1-18)A3(22-28)-GI (F) 

assessed by far-UV CD spectroscopy. Experiments were performed at peptide concentrations of 10 µM in 10 mM 

sodium phosphate buffer, pH 7.4, containing 1% HFIP with the indicated amounts of TFE. 

In general, all peptides had similar behavior in TFE, which indicated that they have a similar 

tendency to adopt an α-helical conformation in the presence of TFE. The transition curves 

constructed by plotting the intensity at 222 nm against the TFE concentration showed a 

sigmoidal trend (Fig. 29A) indicating that the induction of helical structure by TFE is a 

cooperative process [184, 185]. The midpoint of the transition of each peptide was between 

12 and 16% of TFE (Fig. 29A). Interestingly, the peptides differed from each other with 

respect to the maximum amount of -helical structure as induced by TFE. This is evident in 

Fig. 29B where the difference between the MRE at 222 nm of each peptide in aqueous buffer 

and the MRE in 60% TFE was plotted. Accordingly, IAPP(8-28)-GI, IAPP(1-28)-GI, IAPP(8-

18)G3(22-28)-GI, and IAPP(1-18)G3(22-28)-GI exhibited similar α-helical contents whereas 

IAPP(8-18)A3(22-28)-GI and IAPP(1-18)A3(22-28)-GI exhibited higher maximum amounts of 

-helix. It appears that the three alanines, placed between the two hot region, promoted helix 

formation [186]. 

Interestingly, no significant differences between the helical stabilization of IAPP(8-28)-GI and 

IAPP(1-28)-GI analogs were observed. These results suggested that the IAPP(1-7) region 
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does not contribute in stabilization of helical conformation. Thus, no correlation between 

Aβ40 aggregation inhibitory capacity and -helix propensity could be deduced. 

 

Fig. 29. (A) Plots of minima at 222 nm versus the % TFE contents of the CD spectra of the peptides shown in Fig. 

28. (B) Plot of the difference between the MRE in pure acqueus buffer and the MRE in 60% TFE (maximum 

helical content) at 222 nm of the CD spectra of Fig. 28. 

Next, to investigate the effect of the presence of the N-terminus IAPP(1-7) on the binding 

affinities to Aβ40, IAPP, and IAPP-GI, fluorescence titration binding assays were performed 

(Table 9). All tested peptides bound Dac-Aβ40 and their binding affinities were found to be in 

the micro- to low nanomolar range. In the group of the IAPP(1-28)-GI analogs, the strongest 

Aβ40 ligand was IAPP(1-18)G3(22-28)-GI (Kd,app= 8 nM) while the weakest one was IAPP(1-

18)A3(22-28)-GI. In the group of the IAPP(8-28)-GI analogs, the best Aβ40 binder was 

IAPP(8-18)A3(22-28)-GI (Kd,app= 49 nM) while IAPP(8-28)-GI (Kd,app= 196±20 nM) and 

IAPP(8-18)G3(22-28)-GI (Kd,app= 1 µM) were weaker binders.  

Table 9. Apparent affinities (app. Kd) of interaction of IAPP(8-28)-GI, IAPP(1-28)-GI, IAPP(8-18)G3(22-28)-GI, 

IAPP(1-18)G3(22-28)-GI, IAPP(8-18)A3(22-28)-GI and IAPP(1-18)A3(22-28)-GI with Dac-Aβ40, Fluo-IAPP, Fluo-

IAPP-GI and their N-terminal Fluo labeled form as determined by fluorescence titration binding assays. The 

measurements were carried out in 10 mM sodium phosphate buffer, pH 7.4, 1% HFIP and at room temperature. 

The concentration of the fluorescently labeled peptide was 10 nM for Dac-Aβ40 and 5 nM for Fluo-peptide. Kd,app 

values were determined from one or three binding curves (± SEM where indicated). 

 Dac-Aβ40 Fluo-IAPP Fluo-IAPP-GI Self-Ass. 

IAPP(8-28)-GI 196±20 nM 195 nM 126 nM 71±10 nM 

IAPP(1-28)-GI 192±10 nM 17 nM 52 nM 44±2 nM 

IAPP(8-18)G3(22-28)-GI 1 µM 913 nM 615 nM 91 nM 

IAPP(1-18)G3(22-28)-GI 8 nM 48 nM 31 nM 58 nM 

IAPP(8-18)A3(22-28)-GI 49 nM 24 nM 393 nM 2,7 µM 

IAPP(1-18)A3(22-28)-GI 355 nM 44 nM 28 nM 47 nM 
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In general the affinities of the IAPP(1-28)-GI analogs to Fluo-IAPP or Fluo-IAPP-GI were 

found to be higher than the affinities to Dac-Aβ40. By contrast, similar binding affinities were 

found in the case of IAPP(8-28)-GI analogs toward either Fluo-IAPP (Fluo-IAPP-GI) or Dac-

Aβ40. These findings suggested that the binding affinities to IAPP become stronger by 

increasing the sequence similarity of the analogs to IAPP which was done by their N-terminal 

elongation. Of note, in the case of IAPP(8-18)G3(22-28)-GI, the incorporation of N-terminal 

region IAPP(1-7) as IAPP(1-18)G3(22-28)-GI was found to result to a very strong increase of 

binding affinity to Dac- Aβ40 (> 100x). 

3.3.2 Studies on the role of specific residues within the N-terminus IAPP(1-7) for the 

interaction with Aβ40 

In chapter 3.3.1 it was shown that the presence of the N-terminal sequence, IAPP(1-7), 

significantly contributed to the inhibitory effect of IAPP(1-28)-GI (or analogs) on formation of 

cytotoxic Aβ40 species and fibrils. To investigate the role of specific residues within IAPP(1-

7) on the above effect, five peptides were synthesized. Their effect on Aβ40 cytotoxicity and 

fibrillogenesis were determined and compared to the effect of IAPP(1-28)-GI (Fig. 30). First, 

the IAPP(1-28)-GI analogue G7-IAPP(8-28)-GI was designed, where all residues of the 

IAPP(1-7) region were exchanged by glycines. Glycines would ensure the same number of 

amino acids and hydrogen bonds as in IAPP(1-28)-GI whereas the effect of a (Gly)7 

sequence on overall conformation, i. e. helix formation, would be expected to be not as 

strong due to the maximal freedom of the phi-psi angle. By contrast, in order to get a helix 

inducer sequence, the second analog was designed to contain seven alanines instead 

IAPP(1-7) sequence, leading to A7-IAPP(8-28)-GI. To investigate which residues might be 

crucial for the interaction with Aβ40, a partial Ala-scan of the region IAPP(1-7) was 

performed: first, residues 1 and 3 were substituted with alanine ((A1-3)IAPP(1-28)-GI) and in 

the second case residues 4 and 6 ((A4-6)IAPP(1-28)-GI). Of note, in the native sequence of 

IAPP (IAPP-GI), Cys2 and Cys7 are linked by a disulfide bridge. In order to address the 

question whether the disulfide bridge is important, the reference peptide, IAPP(1-28)-GI, with 

the two cysteine in non disulfide-linked (reduced) form was also synthesized (IAPP(1-28)-GI-

red). 
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Fig. 30. Primary structure of IAPP-GI. Domains suggested to be hot regions of the Aβ40-IAPP interaction 

interface are bold and underlined. Schematic representation of the designed peptides studied in this chapter using 

colored bars: IAPP(1-28)-GI (red), G7-IAPP(8-28)-GI (green), A7-IAPP(8-28)-GI (blue), (A1-3)IAPP(1-28)-GI 

(cyan), (A4-6)IAPP(1-28)-GI (magenta) and IAPP(1-28)-GI-red (orange). 

Peptides were synthesized by solid phase peptide synthesis (SPPS) utilizing Fmoc-strategy. 

They were purified by HPLC and MALDI mass spectrometry was used to determine their 

mass as shown in Table 10. 

Table 10. Characterization of peptides synthesized by Fmoc-chemistry (C-terminal amides) via their HPLC 

retention time (rt) and MS 

 HPLC prg. rt (min) [M+H]+ expected [M+H]+ found 

G7-IAPP(8-28)-GI Slow 21´ 2688 2688 

A7-IAPP(8-28)-GI Slow 24´ 2786 2786 

(A1-3)IAPP(1-28)-GI Slow 26´ 2908 2909 

(A4-6)IAPP(1-28)-GI Slow 25´ 2948 2949 

IAPP(1-28)-GI-red Slow 23´ 3008 3008 

 

To answer the question whether these peptides were capable of inhibiting Aβ40 as 

effectively as IAPP(1-28)-GI, Aβ40 and the 1/1 mixture of Aβ40 and each of the peptides 

were incubated for 7 days in ThT buffer (50 mM sodium phosphate buffer, pH 7.4,containing 

100 mM NaCl and 1% HFIP). The amount of fibrils was quantified via the ThT assay (Fig. 

31A) and the Aβ40 cytotoxicity was measured after incubation for 3 and 7 days via the MTT 

reduction assay (Fig. 31B-C). According to the ThT assay Aβ40 fibrillogenesis exhibited a lag 

time of 48 h and reached completion at 96 h. In the presence of G7-IAPP(8-28)-GI or A7-

IAPP(8-28)-GI, fibrillogenesis was somewhat delayed whereas the ThT fluorescence of the 

mixture at 7 days was comparable to the ThT of Aβ40 alone. By contrast, (A1-3)IAPP(1-28)-

GI and (A4-6)IAPP(1-28)-GI were found to block nearly completely Aβ40 fibrill formation. 
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In fact, the two latter peptides exhibited a similar inhibitory effect as the reference peptide, 

IAPP(1-28)-GI, demonstrating that the substitution of two residues in IAPP(1-7) with alanine 

did not have any effect on the inhibitory capacity of IAPP(1-28)-GI on Aβ40 fibrillogenesis. To 

examine whether the IAPP(1-28)-GI analogues also affected formation of cytotoxic Aβ40 

assemblies, aliquots of the incubations for the ThT binding assays were added to PC-12 cells 

at various time points of the fibrillogenesis process and cell viabilities were assessed by the 

MTT reduction assay (Fig. 31B-C). Non-aged Aβ40 and non-aged mixtures were non-toxic at 

time 0 (data not shown). At 72 h, Aβ40 alone and the mixture were at the beginning of the 

fibrillization phase (Fig. 31A) and the solution of Aβ40 alone was more cytotoxic than its 

mixtures with each of the peptides (Fig. 31B). Thereby, the 72 h aged mixtures with (A1-

3)IAPP(1-28)-GI and (A4-6)IAPP(1-28)-GI, which were still in the fibrillization lag-phase, were 

not cytotoxic whereas the Aβ40 mixtures with G7-IAPP(8-28)-GI and A7-IAPP(8-28)-GI were 

partially cytotoxic albeit not as toxic as Aβ40 alone. Thus, (A1-3)IAPP(1-28)-GI and (A4-

6)IAPP(1-28)-GI proved to be more effective inhibitor of Aβ40 aggregation than G7-IAPP(8-

28)-GI and A7-IAPP(8-28)-GI. The partial Ala-scan peptides appear actually to intervene with 

Aβ40 aggregation in a similar manner as IAPP(1-28)-GI. At the time point of 7 days, the fully 

fibrillized mixtures of Aβ40 with G7-IAPP(8-28)-GI or A7-IAPP(8-28)-GI and also partially 

fibrillized mixtures of Aβ40 with IAPP(1-28)-GI, (A1-3)IAPP(1-28)-GI or (A4-6)IAPP(1-28)-GI, 

were found to be as cytotoxic as fully fibrillized Aβ40 (Fig. 31C). 

Further, as shown in Fig. 31D, the reduced form of IAPP(1-28)-GI, IAPP(1-28)-GI-red, was 

also found to inhibit Aβ40 cytotoxicity (72 h) and fibrillogenesis as effective as the disulfide 

bridge containing peptide IAPP(1-28)-GI. Thus, the disulfide bridge occurring between Cys2 

and Cys7 does not play an important role in the inhibitory potency of IAPP(1-28)-GI on Aβ40 

cytotoxicity and fibrillogenesis. 

In conclusion, the substitution of all 7 residues in the region IAPP(1-7) of IAPP(1-28)-GI, as 

in G7-IAPP(8-28)-GI and A7-IAPP(8-28)-GI resulted in a strong reduction of the inhibitory 

potency of IAPP(1-28)-GI on Aβ40 fibrillogenesis and cytotoxicity. However, the two latter 

peptides were clearly stronger inhibitors of Aβ40 aggregation and toxicity than IAPP(8-28)-GI 

(Fig. 26). In addition, the substitution of two residues within IAPP(1-7) as in (A1-3)IAPP(1-

28)-GI and (A4-6)IAPP(1-28)-GI did not affect the inhibitory capacity of IAPP(1-28)-GI; in fact 

both peptides were found to inhibit in a similar manner as IAPP(1-28)-GI. 
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Fig. 31. Effect of IAPP(1-28)-GI, G7-IAPP(8-28)-GI, A7-IAPP(8-28)-GI, (A1-3)IAPP(1-28)-GI and (A4-7)IAPP(1-

28)-GI on Aβ40 cytotoxicity and fibrillogenesis. (A) Fibrillogenesis of Aβ40 (16.5 μM in 50 mM sodium phosphate 

buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) and of a mixture of Aβ40 and peptides (1:1) was followed 

by ThT binding assay. (B)(C) Aβ40 and a mixture of Aβ40 with peptides (16.5 μM in 50 mM sodium phosphate 

buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) were incubated for 3 days (B) or 7 days (C). Aliquots were 

then diluted with cell culture medium and added to PC-12 cells at the indicated final concentrations. Following 24 

h incubation at 37°C cell viabilities were assessed via the MTT reduction assay. (D) MTT reduction assay (after 3 

days of incubation) and ThT assay (inset) of a mixture of Aβ40 with IAPP(1-28)-GI-red as compared to Aβ40 

alone. Data are means (±SEM) of 3 assays (performed in triplicates).  

The conformation of these peptides and their tendency to self-associate were next examined 

by CD spectroscopy. Solutions of IAPP-GI analogs at different peptide concentrations were 

prepared in 10 mM phosphate buffer, pH 7.4 and 1% HFIP and CD spectra were measured 

immediately thereafter (Fig. 32). The spectra of all peptides had a minimum around 200 nm 

indicating the presence of significant amounts of random coil structure and a second 

minimum around 225 nm which indicated more ordered, most likely β-sheet- and/or β-turn-

containing, conformations. The ratios between the two minima were dependent on the type 

of peptide and on the concentration. As discussed in chapter 3.3.1, the spectra of IAPP(1-

28)-GI did not show any change when the concentration was increased up to 100 µM and the 
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overall MRE signal was relatively small (Fig. 32A). G7-IAPP(8-28)-GI and A7-IAPP(8-28)-GI 

exhibited high amounts of random coil at 10 µM; however, both started to form more 

structured soluble oligomers around 50 and 100 µM. Thus, the intensities of the CD spectrum 

signal of G7-IAPP(8-28)-GI and A7-IAPP(8-28)-GI at 200 µM were about half as much as the 

ones at 10 µM (Fig. 32C-D). (A1-3)IAPP(1-28)-GI exhibited reduced random coil and β-sheet 

contents already at 10 µM and the intensity of the signal at 50 µM was less than the half of 

the 10 µM signal (Fig. 32E). By contrast, (A4-6)IAPP(1-28)-GI lost part of its CD signal only 

up 50 µM consistent with the suggestion that the N-terminal region plays an important role in 

the aggregation propensity of IAPP(1-28)-GI (Fig. 32F).  

In Fig. 32B the absolute MRE value of each of the peptides is shown at 200 nm (random coil) 

and at 225 nm (β-sheet / β-turn) at a peptide concentration. It becomes clear that substitution 

of all residues within IAPP(1-7) by glycine or alanine resulted in significant increase of the 

random coil contents; peptides G7-IAPP(8-28)-GI and A7-IAPP(8-28)-GI exhibited the 

highest amounts of unordered conformation. The random coil signal of (A1-3)IAPP(1-28)-GI 

and (A4-6)IAPP(1-28)-GI exhibited a value between the one of IAPP(1-28)-GI and G7-

IAPP(8-28)-GI or A7-IAPP(8-28)-GI. These results suggested that by increasing the number 

of substitutions within the N-terminus the peptide became more unordered. On the other 

hand, the amount of β-sheet/β-turn contents did not change significantly by these 

substitutions. These results indicated that a part of ordered peptide structure is not affected 

by the substitution in the N-terminal region of IAPP. The substitution within IAPP(1-7) 

resulted in an increase of conformational flexibility at the expense of structural components 

other than β-sheet/β-turn ones. However, since it appears that the here studied solutions 

contained oligomers, the CD-results do not allow for an exact quantification of secondary 

structural contents. 
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Fig. 32. Concentration dependence of the conformation of IAPP(1-28)-GI (A), G7-IAPP(8-28)-GI (C), A7-IAPP(8-

28)-GI (D), (A1-3)IAPP(8-28)-GI (E) and (A4-6)IAPP(8-28)-GI (F) as assessed by far-UV spectroscopy. 

Measurements were performed in 10 mM sodium phosphate buffer, pH 7.4, containing 1% HFIP. (B) Absolute 

value of MRE at 200 nm (no pattern) and at 225 nm (striped pattern) for each of the peptides at 10 µM. 

Next, the effects of TFE on the conformation of these peptides were investigated (Fig. 33). 

As shown above, the CD spectra of the peptides in 10 mM aqueous sodium phosphate buffer 

(pH 7,4)(1% HFIP) showed a minimum at 195-200 nm (random coil) and a minimum at circa 

225 nm (β-sheet/β-turn). When TFE was added to the aqueous buffer, the peptide backbone 

(195-250 nm) was found to undergo significant spectral CD changes, indicative of α-helix 

formation (two minima around 208 and 222nm) (Fig. 33). Each one of the peptides was 

found to be able to adopt α-helix conformation in the presence of TFE and the maximum 

amount of helix was reached at 60% TFE. CD spectra collected for G7-IAPP(8-28)-GI and 

A7-IAPP(8-28)-GI following TFE titration revealed the presence of an isodichroic point 

around 200 nm indicating the presence of a two state system [183]. By plotting the minimum 

at 222 nm against the TFE content of the CD buffer (Fig. 33B), the midpoints of all titration 

curves were found to be between 10-15% TFE and sigmoidal curves were obtained 

indicative of cooperative transitions [184, 185]. The highest amount of α-helix content was 

observed in A7-IAPP(8-28)-GI as expected by the presence of the 7 alanines which are well 

known to be helix-inducing residues [186]. G7-IAPP(8-28)-GI appears to be the analogue 

with the lowest amount of α-helix consistent with the fact that glycine has a high 
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conformational freedom. In good agreement with the above findings, the peptides with two 

Ala substitutions, i. e. (A1-3)IAPP(1-28)-GI and (A4-6)IAPP(1-28)-GI, were found to have 

maximum α-helical contents between the content of the native sequence IAPP(1-28)-GI and 

A7-IAPP(8-28)-GI. 

In conclusion, the α-helix propensities of all here studied IAPP(1-28)-GI analogs were higher 

than the propensity of the reference peptide, IAPP(1-28)-GI, consistent with the hypothesis 

that suitable substituents in the N-terminal region IAPP(1-7) can modulate the α-helical 

propensity of IAPP(1-28)-GI [187, 188]. 

 

Fig. 33. Effects of TFE on conformation of aqueous solution of IAPP(1-28)-GI (A), G7-IAPP(8-28)-GI (C), A7-

IAPP(8-28)-GI (D), (A1-3)IAPP(1-28)-GI (E), (A4-6)IAPP(1-28)-GI (F) assessed by far-UV CD spectroscopy. 

Experiments were performed at peptide concentrations of 10 µM in 10 mM sodium phosphate buffer, pH 7.4, 
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containing 1% HFIP and various amounts of TFE as indicated. (B) Plot of MRE at 222 nm of the CD spectra 

shown in (A, C, D, E, F) versus %TFE contents of the aqueous CD solutions. 

Next, the affinity of the interaction of the peptides with Aβ40 was characterized by using 

fluorescence spectroscopy (Table 11). All tested IAPP(1-28)-GI analogs were found to bind 

with high affinity Dac-Aβ40. The dissociation constants (app. Kd) were similar to each other 

and were all in the nanomolar range (~100 nM). The affinities of the interaction of the 

peptides with Fluo-IAPP (and Fluo-IAPP-GI) were also determined. The determined Kd,app 

values towards IAPP (or IAPP-GI) were in the nanomolar range and similar to the Kd,app 

values of their interaction with Dac-Aβ40. Moreover, each peptide was found to self-

associate into soluble low molecular weight oligomers with apparent dissociation constants in 

the nanomolar range. 

Table 11. Apparent affinities (app. Kd) of interaction of IAPP(1-28)-GI, G7-IAPP(8-28)-GI, A7-IAPP(8-28)-GI, (A1-

3)IAPP(1-28)-GI and (A4-6)IAPP(1-28)-GI with Dac-Aβ40, Fluo-IAPP, Fluo-IAPP-GI and their N-terminal Fluo 

labeled form as determined by fluorescence titration binding assays. The measurements were carried out in 10 

mM sodium phosphate buffer, pH 7.4, 1% HFIP and at room temperature. The concentration of the fluorescently 

labeled peptide was 10 nM for Dac-Aβ40 and 5 nM for Fluo-peptide. Kd,app values were determined from one or 

three binding curves (± SEM where indicated). 

 Dac-Aβ40 Fluo-IAPP Fluo-IAPP-GI Self-Ass. 

IAPP(1-28)-GI 192±10 nM 17 nM 52 nM 44±2 nM 

G7-IAPP(8-28)-GI 158 nM 306 nM 56 nM 91 nM 

A7-IAPP(8-28)-GI 58 nM 58 nM 45 nM 178 nM 

(A1-3)IAPP(1-28)-GI 117 nM 151 nM 133 nM 76 nM 

(A4-6)IAPP(1-28)-GI 65 nM 59 nM 93 nM 204 nM 

 

In conclusion, the substitutions of all 7 amino acids in the N-terminus, as for G7-IAPP(8-28)-

GI and A7-IAPP(8-28)-GI, resulted in a strong reduction of the inhibitory effect on Aβ40 

cytotoxicity and fibrillogenesis providing evidence that IAPP(1-7) is important for the 

interaction and the inhibitory effect of IAPP(1-28)-GI with Aβ40. On the other hand, replacing 

of only two amino acids within IAPP(1-7) by alanine did not result in a significant change of 

the effect on Aβ40 aggregation and cytotoxicity as compared to the reference peptide 

IAPP(1-28)-GI. In addition, enhancing the α-helical propensity of IAPP(1-28)-GI by 

introducing α-helix inducing residues i.e. seven alanines within IAPP(1-7) did not prove to 

improve the inhibitory potential of IAPP(1-28)-GI on Aβ40 fibrillogenesis and cytotoxicity. 
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3.4 Exploiting the hot-spot regions of the Aβ40-IAPP interaction interface to devise 

inhibitors of Aβ40 aggregation and cytotoxicity 

It has been previously shown that the designed 37-residue polypeptide IAPP-GI is a low 

nanomolar affinity Aβ40 ligand and a nanomolar activity inhibitor of Aβ40 cytotoxic 

oligomerization and fibrillogenesis. Additionally, IAPP-GI is the only known peptide-derived 

compound which binds with high affinity both IAPP and Aβ40 and blocks and reverses 

cytotoxic self-assembly of both polypeptides [167]. As shown in 3.1 and in Ref. [177], 

systematic studies on the Aβ-IAPP interaction interface identified IAPP(8-18) and IAPP(22-

28) as the shortest sequences that are still able to bind Aβ40 with nanomolar affinities. 

Here, a strategy was explored to devise inhibitors of Aβ40 aggregation based on the 

identified IAPP hot regions of the Aβ-IAPP interaction interface. The basic inhibitor structure 

consisted of the two hot regions IAPP(8-18) and IAPP(22-28). Thereby, IAPP(22-28) was 

applied in its N-methylated form ((N-Me)G24 and (N-Me)I26 as in IAPP-GI) to yield IAPP(22-

28)-GI. The N-methylated sequence was used, instead of the natively occuring one, to 

ensure the solubility of the peptide since IAPP(22-27) was previously shown to aggregate 

into β-sheet-containing amyloid fibrils [152]. Of note, the segments IAPP(8-18) and IAPP(22-

28)-GI by themselves are unable to block Aβ40 fibrillogenesis and cytotoxicity (see Fig. 24). 

As shown in chapter 3.2, when the two hot regions IAPP(8-18) and IAPP(22-28)-GI were 

linked together by the tripeptide sequence SSN, which is the sequence between residue 19 

and 21 of native IAPP, the resulting peptide IAPP(8-28)-GI could not inhibit Aβ40 

fibrillogenesis and cytotoxicity. Therefore, different kind of linkers between IAPP(8-18) and 

IAPP(22-28)-GI were applied here. The peptides were then studied with regard to their ability 

to interact with Aβ40 and to block fibrillogenesis and cytotoxicity. 

3.4.1 Effects of peptides containing hydrophobic and hydrophilic linkers between 

IAPP(8-18) and IAPP(22-28)-GI on Aβ40 fibrillogenesis and cytotoxicity 

Here, two hydrophobic and one hydrophilic linker were examined. The linker entity replaced 

the sequence SSN which links His18 and Asn22 in the native IAPP sequence (Fig. 34). The 

hydrophobic linkers were: 8-aminooctanoic acid (Aoc) and 10-aminodecanoic acid (Adc). In 

addition to their hydrophobicity, these linkers have the property that they are very flexible and 

do not engage in hydrogen bond formation. The Aoc-linker has a length comparable to the 

length of a tripeptide (in an extended conformation) while the Adc-linker has nearly a 

tetrapeptide length (Fig. 34inset). 8-Amino-3,6-dioxaoctanoic acid (PEG) was employed as a 

flexible and hydrophilic linker. This type of linker, which consists of polyethylene glycol, is 

known to be water-soluble and likely able to transfer its hydrophilicity to the connected 

sequence, thus decreasing the potential for aggregation and precipitation of the peptide 
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[189]. The length of the PEG spacer was similar to the length of an extended tripeptide (Fig. 

34inset). 

 

Fig. 34. Primary structure of IAPP-GI and schematic representation of the linked peptides sequences studied in 

this chapter: IAPP(8-18)Aoc(22-28)-GI (red), IAPP(8-18)Adc(22-28)-GI (green) and IAPP(8-18)PEG(22-28)-GI 

(blue). Domains suggested to be hot regions for the Aβ40-IAPP interaction interface are bold and underlined. 

(Inset) Structure and length of the linkers: a three amino acids long sequence in extended conformation, 8-

aminooctanoic acid (Aoc), 10-aminodecanoic acid (Adc) and 8-amino-3,6-dioxaoctanoic acid (PEG). 

The peptides were synthesized by solid phase peptide synthesis (SPPS) utilizing Fmoc-

strategy. They were purified by RP-HPLC and MALDI mass spectrometry was used to 

determine their mass as shown in Table 12. 

Table 12. Characterization of peptides synthesized by Fmoc-chemistry (C-terminal amides except IAPP(8-

18)Aoc(22-28)-GI that was C-terminal acid) via their HPLC retention time (rt) and MS. 

 HPLC prg. rt (min) [M+H]+ expected [M+H]+ found 

IAPP(8-18)Aoc(22-28)-GI Fast 20,3´ 2143 2143 

IAPP(8-18)Adc(22-28)-GI Fast 21,3´ 2169 2169 

IAPP(8-18)PEG(22-28)-GI Fast 18,5´ 2146 2146 

 

To investigate if the interaction of the above peptides with Aβ40 could inhibit Aβ40 

aggregation, incubations of Aβ40 in the absence or presence of the peptides (at 1/1) were 

performed and fibrillogenesis and cytotoxicity were assessed by ThT binding and MTT 

reduction assays. As shown in Fig. 35A, ThT fluorescence of Aβ40 alone started to increase 

after a lag-time of 48 h. This increase was followed by a plateau (at about 96-120 h) which 

indicated the end of the fibrillization process. In the presence of IAPP(8-18)Aoc(22-28)-GI 

and IAPP(8-18)PEG(22-28)-GI the ThT fluorescence also increased as Aβ40 alone. By 

contrast, in the presence of IAPP(8-18)Adc(22-28)-GI, Aβ40 fibrillogenesis was significantly 

delayed albeit not completely blocked. The other two analogues, IAPP(8-18)Aoc(22-28)-GI 

and IAPP(8-18)PEG(22-28)-GI, did not significantly affect Aβ40 fibrillogenesis. To examine if 

the interaction of these three peptides with Aβ40 could interfere with the formation of 

cytotoxic Aβ40 aggregates, aliquots of the 72 h aged incubations of the ThT binding assays 
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were added to PC-12 cells and cell viability was assessed by the MTT reduction assay (Fig. 

35B). Aβ40 formed cytotoxic aggregates at 72 h and the mixtures with IAPP(8-18)Aoc(22-

28)-GI and IAPP(8-18)PEG(22-28)-GI (at 1:1) were similarly cytotoxic. Thus, IAPP(8-

18)Aoc(22-28)-GI and IAPP(8-18)PEG(22-28)-GI were unable to suppress formation of 

cytotoxic Aβ40 assemblies and fibrils. However, IAPP(8-18)Adc(22-28)-GI was found to 

partially inhibit formation of cytotoxic Aβ40 species at the 72 h incubation time point whereas 

no inhibitory affect was found at the incubation time point of 7 days (data not shown). 

These results showed that peptides consisting of IAPP(8-18) and IAPP(22-28)-GI linked to 

each other by an hydrophobic linker such as Aoc or an hydrophilic linker such as PEG were 

not able to interfere with Aβ40 fibrillogenesis and cytotoxicity processes. On the other hand, 

IAPP(8-18)Adc(22-28)-GI partially inhibited formation of Aβ40 fibrils and cytotoxic 

aggregates, suggesting that the length of the linker may play an important role in the 

interaction with Aβ40. 

 

Fig. 35. Effect of the peptides IAPP(8-18)Aoc(22-28)-GI, IAPP(8-18)Adc(22-28)-GI and IAPP(8-18)PEG(22-28)-GI 

on Aβ40 fibrillogenesis and cytotoxicity. (A) Fibrillogenesis of Aβ40 alone (16.5 μM in 50 mM sodium phosphate 

buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) and of a mixtures of Aβ40 with the peptides (1:1) was 

followed by ThT binding assay. (B) Aβ40 and mixtures of Aβ40 with peptides (16.5 μM in 50 mM sodium 

phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) were incubated for 3 days. Aliquots were then 

diluted with cell culture medium and added to PC-12 cells at the indicated final concentrations. Following 24 h 

incubation at 37°C cell viabilities were assessed via the MTT reduction assay. Data are means (±SEM) of 3 

assays (performed in triplicates). 

Next, the conformations of the peptides were determined by far-UV CD spectroscopy. First, 

CD spectra of each peptide were measured at different peptide concentrations in aqueous 

solution (pH 7.4) to determine their aggregation propensity (Fig. 36A-C-E). Thereafter, the 

effect of increasing amounts of trifluoroethanol (TFE) on the peptide conformation was 

studied (Fig. 36B-D-F). 
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For the CD concentration dependence studies, peptides were dissolved in 10 mM sodium 

phosphate buffer, pH 7.4, containing 1% HFIP. At 5 µM IAPP(8-18)Aoc(22-28)-GI showed a 

minimum at around 200 nm which was indicative of random coil and a second minimum 

around 225 nm consistent of β-sheet/β-turn contents (Fig. 36A). At 10 µM, the CD spectrum 

exhibited a lower intensity at both 200 and 225 nm as compared to the spectrum at 5 µM 

whereas at 50 and 100 µM only the β-sheet minimum was still present though with lower 

intensity. This data suggested that IAPP(8-18)Aoc(22-28)-GI aggregates already at 

concentration above 5 µM into soluble β-sheets. The CD spectrum of IAPP(8-18)Adc(22-28)-

GI, however, exhibited no random coil and was characterized by a clear β-sheet minimum at 

217 nm (Fig. 36C). CD concentration dependence studies showed almost no signal at 50 µM 

peptide concentration. This data suggested that IAPP(8-18)Adc(22-28)-GI formed β-sheet 

aggregates already at 5 µM which then further aggregated into likely soluble oligomers 

already at 50 µM. Of note, the CD spectra of IAPP(8-18)Adc(22-28)-GI were indicative of a 

much higher β-sheet contents than the CD spectra of IAPP(8-18)Aoc(22-28)-GI. In fact, the 

value of the MRE at 225 nm of IAPP(8-18)Adc(22-28)-GI exhibited the double intensity than 

the one of IAPP(8-18)Aoc(22-28)-GI. By contrast, a completely different shape was observed 

in the spectra of IAPP(8-18)PEG(22-28)-GI as compared to the ones of the IAPP(8-

18)Adc(22-28)-GI peptide and no concentration dependence was found up to 200 µM (Fig. 

36F). The spectra of that peptide exhibited two minima at 197 and 227 nm which were 

indicative of random coil and β-sheet/β-turn contents. However, the concentration 

dependence studies in aqueous buffer of IAPP(8-18)PEG(22-28)-GI showed that there was 

no concentration dependence of the CD-spectra up to 200 µM. This data suggested that 

IAPP(8-18)PEG(22-28)-GI either did not aggregate or that it was a stable oligomer already at 

10 µM. Taken together, the CD concentration dependence studies demonstrated that the 

difference between the linkers can strongly affect the conformation and the aggregation 

potential of the analogs. Next, TFE titration studies were performed and indicated that 

IAPP(8-18)Aoc(22-28)-GI and IAPP(8-18)Adc(22-28)-GI were able to populate -helical 

states in part although the -helix content was not higher than the one in aqueous buffer 

(Fig. 36B-D). These results suggested that the presence of the hydrophobic linker in IAPP(8-

18)Aoc(22-28)-GI and IAPP(8-18)Adc(22-28)-GI does not favor an -helical conformation 

which was in good agreement with the lack of hydrogen bond donor/acceptor moieties in 

these linkers. By contrast, the hydrophilic linker present in IAPP(8-18)PEG(22-28)-GI was 

found to significantly promote -helix formation in TFE as compared to the CD spectrum in 

aqueous buffer (Fig. 36F). 
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Fig. 36. Concentration dependence of the conformation of IAPP(8-18)Aoc(22-28)-GI (A), IAPP(8-18)Adc(22-28)-

GI (C), IAPP(8-18)PEG(22-28)-GI (E) as assessed by far-UV spectroscopy. Experiments were performed at the 

indicated peptide concentration in 10 mM sodium phosphate buffer, pH 7.4, containing 1% HFIP. Effects of TFE 

on conformation of aqueous solution of IAPP(8-18)Aoc(22-28)-GI (B), IAPP(8-18)Adc(22-28)-GI (D), IAPP(8-

18)PEG(22-28)-GI (F) assessed by far-UV spectroscopy. Experiments were performed at a peptide concentration 

of 10 µM in 10 mM sodium phosphate buffer, pH 7.4, containing 1% HFIP with the indicated amounts of TFE. 

To characterize the affinity of the interaction of these peptides with Aβ40, IAPP and IAPP-GI, 

fluorescence titration binding assays were performed (Table 13). All three tested peptides 

bound Dac-Aβ40 and their apparent binding affinities were in the low micro- to the upper 

nanomolar range. Further, all three peptides were found to bind Fluo-IAPP and Fluo-IAPP-GI 

in the low micro- to upper nanomolar range. All tested peptides showed strong self-

association constants in the low nanomolar range suggesting a high aggregation potential as 

also indicated by the results of CD studies. Concerning IAPP(8-18)PEG(22-28)-GI, the high 
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self-association propensity determined by fluorescence titration studies and the low 

aggregation potential found in the CD measurements would be consistent with the formation 

of only dimers or soluble low molecular weight oligomers in the nano- to low micromolar 

range. 

Table 13. Apparent affinities (app. Kd) of interaction of IAPP(8-18)Aoc(22-28)-GI, IAPP(8-18)Adc(22-28)-GI and 

IAPP(8-18)PEG(22-28)-GI with Dac-Aβ40, Fluo-IAPP, Fluo-IAPP-GI and their N-terminal Fluo labeled form as 

determined by fluorescence titration binding assays. The measurements were carried out in 10 mM sodium 

phosphate buffer, pH 7.4, 1% HFIP and at room temperature. The concentration of the fluorescently labeled 

peptide was 10 nM for Dac-Aβ40 and 5 nM for the Fluo-peptide. Kd,app values were determined from one or three 

binding curves (± SEM where indicated). 

 Dac-Aβ40 Fluo-IAPP Fluo-IAPP-GI Self-Ass. 

IAPP(8-18)Aoc(22-28)-GI 430 nM 489 nM 642 nM 84 nM 

IAPP(8-18)Adc(22-28)-GI 754 nM 1,45 µM 87 nM 76 nM 

IAPP(8-18)PEG(22-28)-GI 1,2 µM 363 nM 110 nM 36 nM 

3.4.2 Effects of peptides containing sequences of three amino acids as linkers 

between IAPP(8-18) and IAPP(22-28)-GI on Aβ40 fibrillogenesis and cytotoxicity 

To investigate further the effects of differences between the linkers of the two hot regions, 

IAPP(8-18) and IAPP(22-28)-GI, a systematic study on analogues containing linkers with 

differences with regard to steric hindrance and hydrophobicity was performed. Linkers 

consisted of three amino acids to ensure the presence of the same number of possible H-

bond donor/acceptor moieties as in the natively occurring IAPP(19-21) (SSN) peptide 

sequence. Thereby, the IAPP(19-21) sequence was substituted by different tripeptide units in 

order to yield linkers with gradually increased steric effect as well as hydrophobicity. 

Accordingly, sequence SSN was replaced by a sequence consisting of three glycines (no 

side chain), three alanines (simple hydrophobic side chain), three valines (β-branched chain), 

or three leucines (γ-branched chain) (Fig. 37). On the basis of their hydropathy index the 

above residues are on the following row: Gly (-0,4)< Ala (1,8) < Leu (3,8) ≤ Val (4,2) [190]. 
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Fig. 37. Primary structure of IAPP-GI. Domains suggested to be hot regions of the Aβ40-IAPP interaction 

interface are bold and underlined. Designed peptide studied in this chapter: IAPP(8-28)-GI (red), IAPP(8-

18)G3(22-28)-GI (green), IAPP(8-18)A3(22-28)-GI (blue), IAPP(8-18)V3(22-28)-GI (cyan) and IAPP(8-18)L3(22-

28)-GI (magenta). 

Peptides were synthesized by solid phase peptide synthesis (SPPS) utilizing Fmoc-strategy. 

They were purified by HPLC and MALDI mass spectrometry was used to determine their 

mass as shown in Table 14. 

 

Table 14. Characterization of peptides synthesized by Fmoc-chemistry (C-terminal amides) via their 

HPLC retention time (rt) and MS. 

 HPLC prg. rt (min) [M+H]+ expected [M+H]+ found 

IAPP(8-28)-GI Fast 19´ 2288 2287 

IAPP(8-18)G3(22-28)-GI Fast 18,7´ 2171 2171 

IAPP(8-18)A3(22-28)-GI Slow 24,1´ 2213 2213 

IAPP(8-18)V3(22-28)-GI Fast 21,5´ 2298 2298 

IAPP(8-18)L3(22-28)-GI Slow 23,3´ 2340 2340 

 

Next, the question was addressed whether the IAPP(8-28)-GI analogs could intervene with 

Aβ self-assembly into fibrils and affect formation of cytotoxic Aβ40 aggregates. Aβ40 alone 

(16.5 μM, pH 7.4) and the mixture of Aβ40 with these peptides (16.5 μM each, pH 7.4) were 

incubated for 7 days and fibrillogenesis and cytotoxicity were followed by the ThT binding 

and the MTT reduction assay (Fig. 38). According to the ThT binding assay, Aβ40 

fibrillogenesis exhibited a lag-time of ~48 h and reached completion at 96 h (Fig. 38A). In 

chapter 3.3.1, it was shown that IAPP(8-28)-GI and IAPP(8-18)G3(22-28)-GI cannot block 

Aβ40 fibril formation while IAPP(8-18)A3(22-28)-GI can inhibit Aβ40 fibrillogenesis. In the 

presence of IAPP(8-18)V3(22-28)-GI and IAPP(8-18)L3(22-28)-GI, Aβ40 fibrillogenesis was 

also nearly completely suppressed. 

To evaluate the effect of these peptides on formation of cytotoxic Aβ40 aggregates, the 

peptide incubations which were use for ThT assay were added to the PC-12 cells at various 

time points of incubation (between 0 h and 7 days) and cell viabilities were assessed by the 

MTT reduction assay. Aβ40 alone was not toxic when added to the cells immediately after 

solution preparation (data not shown). Aβ40 cytotoxicity increased, however, within 72 h and 

reached a maximum after 7 days of incubation (Fig. 38B-C). As already mentioned (chapter 

3.3.1) IAPP(8-28)-GI and IAPP(8-18)G3(22-28)-GI did not inhibit 72 h aged Aβ40 cytotoxicity 

while IAPP(8-18)A3(22-28)-GI partially inhibited. The 72 h aged mixture of Aβ40 with IAPP(8-

18)V3(22-28)-GI also was significantly less toxic then 72 h aged Aβ40 (Fig. 38B). Moreover, 

in the presence of IAPP(8-18)L3(22-28)-GI a complete suppression of Aβ40 cytotoxicity was 
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observed at 72 h of incubation (Fig. 38B). The MTT assay at 7 days of incubation revealed 

that the inhibitory effect of IAPP(8-18)A3(22-28)-GI and IAPP(8-18)V3(22-28)-GI observed at 

72 h of incubation did not last in the 7 days aged mixtures (Fig. 38C). By contrast, in the 

presence of IAPP(8-18)L3(22-28)-GI, a complete suppression of Aβ40 cytotoxicity was 

observed after 7 days of incubation (Fig. 38C). These results gave a clear hint about the 

structural requirements of the tripeptide sequence between the hot regions with regard to 

inhibition of Aβ40 fibrillogenesis and cytotoxicity. In particular, the inhibitory capacity of the 

IAPP(8-28)-GI analogs appeared to considerably improve by increasing the steric hindrance 

and hydrophobicity of the side chain of the three amino acids, linking the two IAPP hot 

regions. These results suggest that the effectiveness of the inhibitor depends completely on 

the nature of the linker connecting IAPP(8-18) and IAPP(22-28)-GI. 

 

Fig. 38. Effect of the peptides IAPP(8-28)-GI, IAPP(8-18)G3(22-28)-GI, IAPP(8-18)A3(22-28)-GI, IAPP(8-

18)V3(22-27)-GI and IAPP(8-18)L3(22-28)-GI on Aβ40 cytotoxicity and fibrillogenesis. (A) Fibrillogenesis of Aβ40 

(16.5 μM in 50 mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) and of 1:1 mixtures 

of Aβ40 with peptides as indicated was followed by the ThT binding assay. (B) Aβ40 and mixtures of Aβ40 with 

peptides (16.5 μM in 50 mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) were 

incubated for 3 days. Aliquots were then diluted with cell culture medium and added to PC-12 cells at the 

indicated final concentrations. Following 24 h incubation at 37°C cell viabilities were assessed via the MTT 

reduction assay. (C) Aβ40-peptide mixtures which were found to inhibit at the incubation time point of 3 days 
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incubation were added to PC-12 cells at the time point of 7 days. Cell viabilities were determined as under (B). 

Data are means (±SEM) of 3 assays (performed in triplicates). 

Next, far UV-CD was used to study the conformation of the above IAPP(8-28)-GI analogs. 

Peptides were dissolved in 10 mM sodium phosphate buffer, pH 7.4, containing 1% HFIP 

and CD spectra were measured immediately thereafter. To determine the aggregation 

propensity of these peptides in aqueous solution, CD spectra were measured at different 

peptide concentrations (Fig. 39). It was previously shown (3.3.1), that IAPP(8-28)-GI, 

IAPP(8-18)G3(22-28)-GI and IAPP(8-18)A3(22-28)-GI exhibited a pronounced minimum 

around 200 nm indicative of random coil and a second minimum around 225 nm indicative of 

β-sheet- and/or β-turn (Fig. 39A-C-D). These three peptides formed soluble aggregates at a 

concentration of 100 µM as indicated by the observed CD signal loss. By contrast, IAPP(8-

18)V3(22-28)-GI and IAPP(8-18)L3(22-28)-GI showed even at very low concentrations such 

as 1 µM predominantly a minimum around 220 nm which was typical of β-sheet conformation 

and only a very weak random coil signal at 200 nm (Fig. 39E-F). When increasing the 

peptide concentration to 5 or 10 µM, a red shift of the β-sheet minimum to 228 nm was 

observed, most likely characteristic of β-sheet oligomer formation [191]. In addition, a 

maximum around 200 nm was detected indicating β-sheet formation. Both peptides exhibited 

a very low signal at 50 µM suggesting that IAPP(8-18)V3(22-28)-GI and IAPP(8-18)L3(22-

28)-GI had higher aggregation propensity as compared to IAPP(8-28)-GI, IAPP(8-18)G3(22-

28)-GI and IAPP(8-18)A3(22-28)-GI. In Fig. 39B the MREs of the peptides at 200 nm (n → 

π*) and at 225 nm (π → π*) at 10 µM concentration are presented. Interestingly, the CD 

signal at 200 nm is negative for IAPP(8-28)-GI, IAPP(8-18)G3(22-28)-GI and IAPP(8-

18)A3(22-28)-GI indicating the presence of unordered structure mainly. The highest amount 

of random coil content was reached by IAPP(8-18)A3(22-28)-GI. By contrast, the CD signal 

at 200 nm is positive for IAPP(8-18)V3(22-28)-GI and IAPP(8-18)L3(22-28)-GI indicating β-

sheet structure. Thereby, the highest amount was reached by IAPP(8-18)L3(22-28)-GI. The 

amount of β-sheet/β-turn contents at 225 nm was higher for IAPP(8-18)A3(22-28)-GI, 

IAPP(8-18)V3(22-28)-GI and IAPP(8-18)L3(22-28)-GI than IAPP(8-28)-GI, IAPP(8-18)G3(22-

28)-GI. In conclusion, the CD data indicate significant changes in peptide conformation when 

the hydrophobicity of the side chain of the linkers (GGG < AAA << LLL ≤ VVV) is increased. 

It appears, thus, that the hydrophobic tripeptide linkers IAPP(8-18)V3(22-28)-GI and IAPP(8-

18)L3(22-28)-GI promote mainly the formation of β-sheet conformers. 
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Fig. 39. Concentration dependence of the conformation of IAPP(8-28)-GI (A), IAPP(8-18)G3(22-28)-GI (B), 

IAPP(8-18)A3(22-28)-GI (C), IAPP(8-18)V3(22-28)-GI (D) and IAPP(8-18)L3(22-28)-GI (E) as assessed by far-UV 

spectroscopy. Experiments were performed at the indicated peptide concentration in 10 mM sodium phosphate 

buffer, pH 7.4, containing 1% HFIP. (B) MRE at 200 nm (no pattern) and at 225 nm (striped pattern) for each of 

the peptides at 10 µM. 

Next, the effects of trifluoroethanol (TFE) on the conformation of the above peptides were 

investigated. As mentioned above, the CD spectra of the peptides when examined in pure 

aqueous 10 mM sodium phosphate buffer (1% HFIP) indicated significant differences 

between the conformations depending on the nature of the linker between the two hot 

regions. By increasing the TFE concentration, strong CD changes were observed which were 

indicative of α-helix formation (two minima around 208 nm and 222 nm) (Fig. 40). All 

peptides populated significant amounts of -helical conformations already at 20% TFE. The 
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results of the TFE titrations suggested formation of different amounts of helix depending on 

the linker sequence (Fig. 40B). In particular, IAPP(8-18)G3(22-28)-GI showed the poorest 

helix propensity in good agreement with the fact that α-helix is entropically expensive for Gly 

[186]. IAPP(8-18)A3(22-28)-GI and IAPP(8-18)L3(22-28)-GI exhibited the highest helix 

propensity consistent with the well-known -helical propensity of Ala and Leu [186]. IAPP(8-

28)-GI, IAPP(8-18)V3(22-28)-GI had a intermediate helix forming propensity. Taken together, 

the results of MTT assays, ThT assays, and CD studies suggested that the inhibitory 

capacity improved by increasing the steric effect and the hydrophobicity of the linker. 

Additionally, the peptides which inhibited Aβ40 fibrillogenesis and cytotoxicity were found to 

be able to form similar and significant amounts of -helix under TFE- -helix inducing 

conditions. 

 

Fig. 40. Effects of TFE on conformation of aqueous solutions of IAPP(8-28)-GI (A), IAPP(8-18)G3(22-28)-GI (C), 

IAPP(8-18)A3(22-28)-GI (D), IAPP(8-18)V3(22-28)-GI (E) and IAPP(8-18)L3(22-28)-GI (F) assessed by far-UV 
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spectroscopy. Experiments were performed at a peptide concentration of 10 µM in 10 mM sodium phosphate 

buffer, pH 7.4, containing 1% HFIP with the indicated amounts of TFE. (B) Plot of the difference between the 

MRE in pure acqueus buffer and the MRE in 80% TFE (maximal helix form) at 222 nm of the CD spectra in 

(A)(C)(D)(E)(F).  

Next, a fluorescence titration assays were used to determine whether different binding 

affinities to Aβ40 may correlate with the different inhibitory effects of these peptides on Aβ40 

fibril formation and cytotoxicity. In addition, the binding affinities of the peptides to IAPP 

(IAPP-GI) and to themselves were also examined (Table 15). All tested peptides were found 

to bind Dac-Aβ40 and their binding affinities were in the low micro- to submicromolar range. 

The strongest Aβ40 ligands were IAPP(8-28)-GI (Kd,app= 196±20 nM) and IAPP(8-18)A3(22-

28)-GI (Kd,app= 49 nM). The other peptides bound Dac-Aβ40 in the micromolar range: IAPP(8-

18)G3(22-28)-GI (Kd,app= 1 µM), IAPP(8-18)V3(22-28)-GI (Kd,app= 794 nM) and IAPP(8-

18)L3(22-28)-GI (Kd,app= 635±32 nM). These results, together with the results of the MTT and 

ThT assays, suggested that there is not a correlation between binding affinities to Dac-Aβ40 

and ability to inhibit Aβ40 aggregation and cytotoxicity. 

The above mentioned peptides also bound Fluo-IAPP and Fluo-IAPP-GI with low nanomolar 

affinities except for IAPP(8-18)G3(22-28)-GI that bound with an affinity in the upper 

nanomolar range. 

Table 15. Apparent affinities (app. Kd) of interaction of IAPP(8-28)-GI, IAPP(8-18)G3(22-28)-GI, IAPP(8-

18)A3(22-28)-GI, IAPP(8-18)V3(22-28)-GI and IAPP(8-18)L3(22-28)-GI with Dac-Aβ40, Fluo-IAPP, Fluo-IAPP-GI 

and their N-terminal Fluo labeled form as determined by fluorescence titration binding assays. The measurements 

were carried out in 10 mM sodium phosphate buffer, pH 7.4, 1% HFIP and at room temperature. The 

concentration of the fluorescent labeled peptide was 10 nM for Dac-Aβ40 and 5 nM for Fluo-peptide. Kd,app values 

were determined from one or three binding curves (± SEM where indicated). 

 Dac-Aβ40 Fluo-IAPP Fluo-IAPP-GI Self-Ass. 

IAPP(8-28)-GI 196±20 nM 195 nM 126 nM 71±10 nM 

IAPP(8-18)G3(22-28)-GI 1 µM 913 nM 615 nM 91 nM 

IAPP(8-18)A3(22-28)-GI 49 nM 24 nM 393 nM 2,7 µM 

IAPP(8-18)V3(22-28)-GI 794 nM 95 nM 61 nM 283 nM 

IAPP(8-18)L3(22-28)-GI 635±32 nM 61 nM 43 nM 378 nM 

3.4.3 Effects of peptides containing constrained linkers between IAPP(8-18) and 

IAPP(22-28)-GI on Aβ40 fibrillogenesis and cytotoxicity 

The results of the previous chapter (3.4.2) indicated that the inhibitory potency of the hot 

regions IAPP(8-18) and IAPP(22-28)-GI improved as a consequence of increasing the steric 

hindrance of the linker which might be related to a specific conformation of the strand-turn-



  | Results 

  80 

 

strand structure of these analogues. It could be possible, for example, that the steric 

effect/hydrophobicity of the linker contributed to stabilize IAPP(8-18) and IAPP(22-28)-GI in a 

specific strand-turn-strand conformation which is required for inhibition of Aβ40 aggregation 

and toxicity. To prove this hypothesis, peptides containing covalently constrained linkers 

were designed (Fig. 41). The most potent inhibitor identified in this work so far, IAPP(8-

18)L3(22-28)-GI, was used as a template and an analogue was designed which was “forced” 

to adopt a turn structure between the 18th and 22nd amino acid position (Fig. 41). In this 

analogue, IAPP(8-18)L3(22-28)-GI-cyclo, whose side chains were covalently linked via 

amide bond formation, residues His18 and Asn22 of the native IAPP sequence were 

substituted with 2,3-diaminopropionic acid (Dap) and aspartic acid (Asp), respectively. Of 

note, the amino acids at the 18th and 22nd positions were chosen to be substituted based on 

the findings of Ala-scan studies (unpublished results of our group). In fact, [A18]-IAPP(8-18) 

and [A22]-IAPP(22-28)-GI showed similar binding affinities to Aβ40 as the respective non-

substituted sequences. However, to obtain direct evidence that the substitution did not affect 

the properties of the peptide, the same peptide with the two substitutions at the 18th and 22nd 

positions but without a covalent link between the side chains IAPP(8-18)L3(22-28)-GI-linear 

was also synthesized and tested (Fig. 41). Furthermore, a peptide whose linker would be 

unable to bend was also designed. For this purpose, a rigid linker consisting of p-

aminobenzoic acid (Ab) and p-aminomethylbenzoic acid (Amb) was used and IAPP(8-

18)Amb-Ab(22-28)-GI was designed and synthesized (Fig. 41) [192]. Additionally, a 

sequence containing this type of linker would be able to form hydrogen bonds and also retain 

the distance between the two hot regions as in IAPP(8-28)-GI. 

 

Fig. 41. (A) Primary structure of IAPP-GI. Domains suggested to be hot regions of the Aβ40-IAPP interaction 

interface are bold and underlined. Schematic presentation of designed inhibitors studied in this chapter: IAPP(8-
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18)L3(22-28)-GI (red), IAPP(8-18)L3(22-28)-GI-linear (green), IAPP(8-18)L3(22-28)-GI-cyclo (blue) and IAPP(8-

18)Amb-Ab(22-28)-GI (cyan). (B) Chemical structures of the loop region of the three peptides: IAPP(8-18)L3(22-

28)-GI-linear, IAPP(8-18)L3(22-28)-GI-cyclo, and IAPP(8-18)Amb-Ab(22-28)-GI. 

Peptides were synthesized by solid phase peptide synthesis (SPPS) utilizing Fmoc-strategy. 

They were purified by HPLC and MALDI mass spectrometry was used to determine their 

mass as shown in Table 16. 

Table 16. Characterization of peptides synthesized by Fmoc-chemistry (C-terminal amides) via their HPLC 

retention time (rt) and MS. 

 HPLCprg. rt (min) [M+H]+ expected [M+H]+ found 

IAPP(8-18)L3(22-28)-GI-linear Fast 19,5´ 2271 2271 

IAPP(8-18)L3(22-28)-GI-cyclo Fast 26´ 2289 2288 

IAPP(8-18)Amb-Ab(22-28)-GI Fast 19,5´ 2252 2251 

 

Next, the effects of the peptides on Aβ40 self-assembly were studied. Aβ40 was incubated 

alone or with IAPP(8-18)L3(22-28)-GI, IAPP(8-18)L3(22-28)-GI-linear, IAPP(8-18)L3(22-28)-

GI-cyclo and IAPP(8-18)Amb-Ab(22-28)-GI at 1/1. Fibrillization of Aβ40 versus the mixtures 

was followed via the ThT binding assay and cytotoxicities were assessed by the MTT 

reduction assay at various time points (Fig. 42). According to the ThT binding assay (Fig. 

42A), IAPP(8-18)L3(22-28)-GI-linear blocked fibril formation with a similar potency to IAPP(8-

18)L3(22-28)-GI confirming that the two substitutions did not strongly affect the properties of 

the peptide. On the other hand, IAPP(8-18)L3(22-28)-GI-cyclo could only delay Aβ40 

fibrillogenesis by 24 h but did not block it, consistent with a strong difference between the 

interactions of IAPP(8-18)L3(22-28)-GI and IAPP(8-18)L3(22-28)-GI-cyclo with Aβ40. The 

peptide with the rigid linker, IAPP(8-18)Amb-Ab(22-28)-GI only weakly suppressed fibril 

formation. To evaluate the potencies of the inhibitory effects of these analogues on formation 

of cytotoxic Aβ40 aggregates, aliquots of the mixture of Aβ40 with each of them and of Aβ40 

alone (16.5 μM) (solutions used for the ThT binding) were added to PC-12 cells at 72 h and 7 

days and cell viabilities were determined. Aβ40 alone was not toxic when added to the cells 

immediately after solution preparation (data not shown). After 72 h of incubation Aβ40 

cytotoxicity increased and the mixture of Aβ40 with IAPP(8-18)L3(22-28)-GI-cyclo was found 

to be nearly as toxic as the 72 h aged Aβ40 alone (Fig. 42B). By contrast, the mixtures of 

Aβ40 with IAPP(8-18)L3(22-28)-GI-linear and with IAPP(8-18)L3(22-28)-GI were not 

cytotoxic (Fig. 42B). When Aβ40 was mixed with IAPP(8-18)Amb-Ab(22-28)-GI (at 1/1) no 

cytotoxic Aβ40 species were found to be present after 72h of incubation (Fig. 42B). The 

effects of these analogs on Aβ40 toxicity was further tested at the time point of 168 h 
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incubation (Fig. 42C). In the presence of IAPP(8-18)Amb-Ab(22-28)-GI and IAPP(8-

18)L3(22-28)-GI-linear, formation of cytotoxic Aβ40 species was strongly suppressed while in 

the presence of IAPP(8-18)L3(22-28)-GI-cyclo the formation of cytotoxic Aβ40 species in the 

mixture was similar to Aβ40 alone. Taken together, these results showed that: a) IAPP(8-

18)L3(22-28)-GI-cyclo corresponding to IAPP(8-18)L3(22-28)-GI containing a covalently 

constrained turn structure entirely its inhibitory capacity as compared to IAPP(8-18)L3(22-

28)-GI, b) the designed IAPP(8-18)Amb-Ab(22-28)-GI with the rigid extended linker was a 

very effective inhibitor. 

 

Fig. 42. Effect of IAPP(8-18)L3(22-28)-GI, IAPP(8-18)L3(22-28)-GI-linear, IAPP(8-18)L3(22-28)-GI-cyclo and 

IAPP(8-18)Amb-Ab(22-28)-GI on Aβ40 fibrillogenesis and cytotoxicity. (A) Fibrillogenesis of Aβ40 (16.5 μM in 50 

mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) and of a mixture of Aβ40 and 

peptides (1:1) was followed by the ThT binding assay. (B) MTT reduction assay of Aβ40 and a mixture of Aβ40 

with peptides (16.5 μM in 50 mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) after 

3 days incubation. (C) MTT assay of Aβ40 and of the above used mixtures of Aβ40 with peptides at the 7 days 

incubation time point. 

Next, the conformation of the above peptides was determined by far-UV CD spectroscopy 

(Fig. 43). For these measurements, peptides were dissolved in aqueous buffer (pH 7.4) and 

CD spectra were measured at several peptide concentrations. As already shown (3.4.2), 
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IAPP(8-18)L3(22-28)-GI exhibited even at 1 µM a main minimum around 223 nm which could 

be due to β-sheet/β-turn conformation and only a weak random coil signal at 200 nm; 5 and 

10 µM exhibited mainly β-sheet conformation while at 50 µM a significant signal loss was 

observed likely due to aggregation (Fig. 43A). The spectra of IAPP(8-18)L3(22-28)-GI-linear 

were similar to the ones of IAPP(8-18)L3(22-28)-GI indicating that the substitution of the two 

amino acids at positions 18 and 22 did not affect the overall conformation and assembly 

properties of the peptide (Fig. 43C). Concentration-dependence CD studies showed that 

IAPP(8-18)L3(22-28)-GI-cyclo populated at 1 μM random coil and β-sheet/β-turn 

conformation but further aggregated already at 10 µM into β-sheet oligomers (Fig. 43E). In 

fact the cyclic conformational constraint in IAPP(8-18)L3(22-28)-GI-cyclo should favor the 

formation of a β-sheet structure. The CD spectrum of IAPP(8-18)Amb-Ab(22-28)-GI indicated 

the presence of random coil and β-sheet conformation only at 1 µM while the spectra 

corresponding to the 5 and 10 µM peptide concentration were indicative of predominantly β-

sheet contents. At 50 µM the signal was very weak consistent with the formation of a soluble 

oligomeric structure (Fig. 43G). Of note, no further speculations can be made on the 

conformational studies of IAPP(8-18)Amb-Ab(22-28)-GI since it is known that aromatic 

contribution can mix the optical transition [193]. 

Next, the effects of trifluoroethanol (TFE) on the conformation of the above peptides were 

investigated. The linear control peptide, IAPP(8-18)L3(22-28)-GI-linear, showed a typical 

increase of the signal with minima indicative of α-helical conformation already at 20% TFE 

(Fig. 43B). A similar conformational transition was observed for IAPP(8-18)L3(22-28)-GI (Fig. 

43D). By contrast, TFE was not able to induce α-helical conformation in the cyclic peptide, 

IAPP(8-18)L3(22-28)-GI-cyclo, that adopted mainly a random coil structure (minimum at 200 

nm) with a β-sheet/β-turn component (minimum at 220-225 nm) (Fig. 43F). TFE appeared to 

induce random coil rather than α-helix in IAPP(8-18)Amb-Ab(22-28)-GI (Fig. 43H). Both 

peptides, IAPP(8-18)L3(22-28)-GI-cyclo and IAPP(8-18)Amb-Ab(22-28)-GI, exhibited a 

distinct behavior in the presence of TFE most likely due to the presence of the 

conformational constraints (respectively cyclization and rigid linkers). 
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Fig. 43. Concentration dependence of the conformation of IAPP(8-18)L3(22-28)-GI (A), IAPP(8-18)L3(22-28)-GI-

linear (C), IAPP(8-18)L3(22-28)-GI-cyclo (E), IAPP(8-18)Amb-Ab(22-28)-GI (G) assessed by far-UV CD 

spectroscopy. Measurements were performed in solutions of the peptides in 10 mM sodium phosphate buffer, pH 

7.4, containing 1% HFIP. Effects of TFE on conformation of aqueous solution of IAPP(8-18)L3(22-28)-GI (B), 

IAPP(8-18)L3(22-28)-GI-linear (D), IAPP(8-18)L3(22-28)-GI-cyclo (F), IAPP(8-18)Amb-Ab(22-28)-GI (H) 

assessed by far-UV spectroscopy. Measurements were performed at a peptide concentration of 10 µM in 10 mM 

sodium phosphate buffer, pH 7.4, containing 1% HFIP and the indicated amount of TFE. 

 

To assess whether these peptides are able to bind Aβ, IAPP, IAPP-GI and to self-associate, 

fluorescence spectroscopy binding assays were applied. Thereby, titrations using 

fluorescently labeled Aβ40, IAPP, IAPP-GI, or the analogues by themselves were performed 

(Table 17). The binding affinities of Dac-Aβ40 to all above analogs were very similar to each 
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other and were in the upper nanomolar to low micromolar range. Therefore, no direct 

correlation was deduced between cytotoxicity, fibrillogenesis and binding affinity to Aβ. The 

affinities to Dac-Aβ were, thus, not very high although IAPP(8-18)L3(22-28)-GI, IAPP(8-

18)L3(22-28)-GI-linear, and IAPP(8-18)Amb-Ab(22-28)-GI were found to be very potent Aβ40 

aggregation and toxicity inhibitors. In addition, the interaction of IAPP(8-18)L3(22-28)-GI-

cyclo with Aβ40 had an apparent dissociation constant which was in the same range as the 

other analogues but it was found to be only a week inhibitor of Aβ40 aggregation and 

cytotoxicity. By contrast, low nanomolar Kd,apps were found for the interaction of all these 

analogues with Fluo-IAPP and Fluo-IAPP-GI. Thus, the higher affinities of these peptides to 

Fluo-IAPP and Fluo-IAPP-GI rather than Dac-Aβ40 may be related to the sequence 

similarity. 

Table 17. Apparent affinities (app. Kd) of interaction of IAPP(8-18)L3(22-28)-GI, IAPP(8-18)L3(22-28)-GI-linear, 

IAPP(8-18)L3(22-28)-GI-cyclo and IAPP(8-18)Amb-Ab(22-28)-GI with Dac-Aβ40, Fluo-IAPP, Fluo-IAPP-GI and 

their N-terminal Fluo labeled form as determined by fluorescence titration binding assays. The measurements 

were carried out in 10 mM sodium phosphate buffer, pH 7.4, 1% HFIP and at room temperature. The 

concentration of the fluorescence labeled peptide was 10 nM for Dac-Aβ40 and 5 nM for Fluo-peptide. Kd,app 

values were determined from one or three binding curves (± SEM where indicated). 

 Dac-Aβ40 Fluo-IAPP Fluo-IAPP-GI Self-Ass. 

IAPP(8-18)L3(22-28)-GI 635±32 nM 61 nM 43 nM 378 nM 

IAPP(8-18)L3(22-28)-GI-linear 2,1 µM 82 nM 91 nM 375 nM 

IAPP(8-18)L3(22-28)-GI-cyclo 1 µM 97 nM 89 nM 41 nM 

IAPP(8-18)Amb-Ab(22-28)-GI 2,3±0,4 µM 300 nM 118 nM 62 nM 

 

3.4.4 Effects of designed analogues of IAPP(8-18)A3(22-28)-GI containing structure 

stabilizing or destabilizing charged residues at specific sequence positions on 

Aβ40 fibrillogenesis and cytotoxicity 

In chapter 3.1.3, it was shown that the analog in which the two hot regions are connected 

with a rigid and extended linker (IAPP(8-18)Amb-Ab(22-28)-GI) was an efficient Aβ40 

aggregation inhibitor while the peptide with a rigid and likely β-turn inducing cyclic constraint 

(IAPP(8-18)L3(22-28)-GI-cyclo) was not capable of inhibiting Aβ40 aggregation. To test the 

hypothesis that a stabilized β-hairpin structure does not yield an Aβ40 aggregation inhibitor, 

a different strategy was exploited here: accordingly, analogues of IAPP(8-18)A3(22-28)-GI, 

which had been found to be a flexible medium potency inhibitor were synthesized. These 

analogues were devised by adding three charged amino acids at the N- and C-termini of 

IAPP(8-18)A3(22-28)-GI in order to either disturb or promote the potential strand-turn-strand 
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conformation of IAPP(8-18)A3(22-28)-GI (Fig. 44). A peptide which consisted of the template 

IAPP(8-18)A3(22-28)-GI with three lysines at the N-terminus and three at the C-terminus was 

designed (K3-IAPP(8-18)A3(22-28)-GI-K3). These additional charged amino acids were 

expected a) to improve the solubility and b) to destabilize the strand-turn-strand conformation 

via electrostatic repulsion. In addition, a peptide was designed with three glutamic acids at 

the C-terminal and three lysines at the N-terminal (E3-IAPP(8-18)A3(22-28)-GI-K3). These 

residues were expected to stabilize the potential strand-turn-strand conformation via 

electrostatic attraction between side chains of the glutamic acids and lysines. Finally, as K3-

IAPP(8-18)A3(22-28)-GI-K3 proved to be an effective inhibitor (as the following studies will 

show), several control peptides were later also synthesized: a peptide with a sequence of 

three lysines only at the N-terminus (K3-IAPP(8-18)A3(22-28)-GI), a peptide with a sequence 

of three lysines only at the C-terminus (IAPP(8-18)A3(22-28)-GI-K3) and a peptide with six 

acetylated lysines at the N- and C-termini (K3*-IAPP(8-18)A3(22-28)-GI-K3*). The same 

concept was applied to the native partial IAPP sequence IAPP(8-28)-GI which was found to 

be unable to inhibit Aβ40 aggregation and cytotoxicity (see chapter 3.2). The sequence 

IAPP(8-28)-GI was used as template and an analogue with three lysines at the N- and three 

at the C-terminus (K3-IAPP(8-28)-GI-K3) was synthesized and studied. This analogue was 

designed in order to test whether the electrostatic repulsion at the N-and C-termini were 

sufficient to improve the inhibitory properties of an inactive sequence. 

 

Fig. 44. Primary structure of IAPP-GI. Domains found to be hot regions of the Aβ40-IAPP interaction interface are 

bold and underlined. Design of analogues studied in this chapter: K3-IAPP(8-18)A3(22-28)-GI-K3 (red), E3-

IAPP(8-18)A3(22-28)-GI-K3 (green), K3-IAPP(8-18)A3(22-28)-GI (blue), IAPP(8-18)A3(22-28)-GI-K3 (cyan), K3*-

IAPP(8-18)A3(22-28)-GI-K3* (magenta) and K3-IAPP(8-28)-GI-K3 (dark cyan). 

These peptides were synthesized by solid phase peptide synthesis (SPPS) utilizing Fmoc-

strategy by Dr. A. Caporale. They were purified by HPLC and MALDI mass spectrometry was 

used to determine their mass as shown in Table 18. 
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Table 18. Characterization of peptides synthesized by Fmoc-chemistry (C-terminal acids) via their HPLC retention 

time (rt) and MS. 

 HPLC prg rt (min) [M+H]+ expected [M+H]+ found 

K3-IAPP(8-18)A3(22-28)-GI-K3 Fast 18´ 2983 2983 

E3-IAPP(8-18)A3(22-28)-GI-K3 Fast 20´ 2986 2986 

K3-IAPP(8-18)A3(22-28)-GI Fast 18,5´ 2599 2599 

IAPP(8-18)A3(22-28)-GI-K3 Fast 18,5´ 2599 2599 

K3*-IAPP(8-18)A3(22-28)-GI-K3* Fast 21,2´ 3225 3225 

K3-IAPP(8-28)-GI-K3 Slow 16´ 3058 3059 

 

To determine whether the interaction of the above peptides with Aβ40 could inhibit Aβ40 

fibrillogenesis and cytotoxicity, incubations of Aβ40 in their absence or presence (at 1/1) 

were performed. Aβ40 fibrillogenesis and cytotoxicity were assessed by ThT binding and 

MTT reduction assays. Aβ40 (16.5 μM, pH 7.4) and the mixtures of Aβ40 with the analogues 

(16.5 μM each) were incubated for 7 days. As shown in Fig. 45A, fibrillogenesis of Aβ40 

alone had a lag-phase of 48 h. The steep increase of ThT binding between 48-120 h was 

followed by a plateau which indicated the end of the fibrillization process. In the presence of 

E3-IAPP(8-18)A3(22-28)-GI-K3, IAPP(8-18)A3(22-28)-GI-K3 and K3*-IAPP(8-18)A3(22-28)-

GI-K3* (at 1/1) the ThT fluorescence increased in the same way as Aβ40 alone suggesting 

that these peptides did not inhibit Aβ40 fibrillogenesis (Fig. 45A). By contrast, the mixture of 

Aβ40 and K3-IAPP(8-18)A3(22-28)-GI-K3, K3-IAPP(8-18)A3(22-28)-GI and K3-IAPP(8-28)-

GI-K3 completely suppressed Aβ40 fibril formation (Fig. 45A). To examine if the interaction of 

the peptides with Aβ40 could also inhibit formation of cytotoxic Aβ40 aggregates, aliquots of 

the incubations of the ThT binding assays were added to PC-12 cells at 3 and 7 days and 

cytotoxicities were assessed by MTT reduction assay (Fig. 45C-D). Immediately after 

solution preparation Aβ40 was non-toxic but its cytotoxicity increased following aging for 72 

h. The results of Fig. 45B indicated that K3-IAPP(8-18)A3(22-28)-GI-K3, K3-IAPP(8-

18)A3(22-28)-GI and K3-IAPP(8-28)-GI-K3 (at 1:1) were able to strongly suppress formation 

of cytotoxic Aβ40 assemblies. By contrast, E3-IAPP(8-18)A3(22-28)-GI-K3, IAPP(8-

18)A3(22-28)-GI-K3 and K3*-IAPP(8-18)A3(22-28)-GI-K3* did not show any effect on 

formation of cytotoxic Aβ40 species (Fig. 45C). The cytotoxicity of Aβ40 reached the 

maximum following aging for the 168 h and incubations of Aβ40 with the peptides that 

inhibited Aβ40 cytotoxicity at 72 h time-point where subjected to MTT reduction assay at 168 

h time-point as well (Fig. 45D). K3-IAPP(8-18)A3(22-28)-GI-K3 was found to be the only 

analogue which was still able to inhibit quite efficiently Aβ40 cytotoxicity whereas K3-IAPP(8-

18)A3(22-28)-GI and K3-IAPP(8-28)-GI-K3 did not inhibit. 
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These results suggested that K3-IAPP(8-18)A3(22-28)-GI-K3 was the most potent inhibitor of 

this series of analogs. Notably, the electrostatic repulsion likely present between the K3-

stretches in the peptide K3-IAPP(8-18)A3(22-28)-GI-K3 considerably improved the inhibitory 

effect of IAPP(8-18)A3(22-28)-GI which was only a modest inhibitor of Aβ40 aggregation 

(Fig. 45B and chapter 3.4.2). In the case of the likely present electrostatic attraction between 

the E3- and K3-streches as in the peptide E3-IAPP(8-18)A3(22-28)-GI-K3, the inhibitory 

capacity of the template peptide-IAPP(8-18)A3(22-28)-GI was completely abolished. This 

peptide did not block Aβ40 aggregation and fibrillization likely due to stabilization of a strand-

turn-strand conformation which may have cause a shielding of its interacting sites with Aβ40. 

The two control peptides, K3-IAPP(8-18)A3(22-28)-GI and IAPP(8-18)A3(22-28)-GI-K3, 

showed clear differences in their inhibitory potentials. When the three lysines were placed at 

the N-terminus of IAPP(8-18)A3(22-28)-GI, the resulting K3-IAPP(8-18)A3(22-28)-GI analog 

was found to be able to inhibit Aβ40 aggregation and fibrillization although not as good as 

K3-IAPP(8-18)A3(22-28)-GI-K3. By contrast, when the three lysines were placed at the C-

terminus, the resulting peptide IAPP(8-18)A3(22-28)-GI-K3 was weaker inhibitor than 

IAPP(8-18)A3(22-28)-GI (Fig. 45B). Importantly, K3*-IAPP(8-18)A3(22-28)-GI-K3* which had 

Nε-amino groups of both K3-stretches acetylated, was completely inactive providing evidence 

that the positive charges and thus likely the electrostatic repulsion are necessary for the 

inhibitory effect on Aβ40 aggregation and toxicity. Finally, K3-IAPP(8-28)-GI-K3 was an 

effective Aβ40 aggregation and toxicity inhibitor although IAPP(8-28)-GI did not inhibit (Fig. 

45B). These results showed that the inhibitory effect of these analogues can be controlled by 

electrostatic interaction between residues at the edges of the hot-spot regions IAPP(8-18) 

and IAPP(22-28)-GI. 
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Fig. 45. Effect of the peptides K3-IAPP(8-18)A3(22-28)-GI-K3, E3-IAPP(8-18)A3(22-28)-GI-K3, K3-IAPP(8-

18)A3(22-28)-GI, IAPP(8-18)A3(22-28)-GI-K3, K3*-IAPP(8-18)A3(22-28)-GI-K3* and K3-IAPP(8-28)-GI-K3 on 

Aβ40 fibrillogenesis and cytotoxicity. (A) Fibrillogenesis of Aβ40 (16.5 μM in 50 mM sodium phosphate buffer, pH 

7.4, containing 100 mM NaCl and 1% HFIP) and of a mixture of Aβ40 and peptides (1:1) was followed by the ThT 

binding assay. (B) For comparison, MTT reduction assay (at 3 and 7 days of incubation) and ThT assay (inset) of 

a mixture of Aβ40 with IAPP(8-28)-GI and IAPP(8-18)A3(22-28)-GI as compared to Aβ40 alone. (C) MTT 

reduction assay of Aβ40 and a mixture of Aβ40 with peptides (16.5 μM in 50 mM sodium phosphate buffer, pH 

7.4, containing 100 mM NaCl and 1% HFIP) after 3 days incubation. Aliquots were then diluted with cell culture 

medium and added to PC-12 cells at the indicated final concentrations. Followed 24h incubation at 37°C, cell 

viabilities were assessed via the MTT reduction assay. (D) Aβ40-inhibitor mixtures which were found to inhibit 

following 3 days incubation were added to PC-12 cell at the time point 7 days. Cell viabilities were determined as 

under (B). Data are means (±SEM) of 3 assays (performed in triplicates). 

To obtain more information about the structural properties of these peptides, various far-UV 

CD measurements were performed. First, it was examined whether and how the 

conformation of the peptides in aqueous buffer changed by increasing the concentration of 

the peptide. In general, the CD spectra of K3-IAPP(8-18)A3(22-28)-GI-K3 and K3-IAPP(8-

28)-GI-K3 exhibited a prominent minimum at 190 nm indicating unordered structure and a 

weaker minimum at 225 nm typical for the β-sheet/β-turn components (Fig. 46A-D). The ratio 

of the two minima was circa 4(random coil):1(β-sheet/β-turn) which was quite different from 

the ratio of the corresponding to the “template” peptides IAPP(8-18)A3(22-28)-GI and 

IAPP(8-28)-GI where the ratio was 2:1. These results suggested that the conformational 

flexibility of both peptides was increased by the addition of the K3-stretches at the edges, 

likely due to the charges. The aggregation potential of these two peptides was low as no 

concentration dependence was observed in the spectra between 10 and 100 µM while the 

respective “template” peptides formed soluble oligomers between 50 and 100 µM (Fig. 46A-

D)(see also Fig. 27A-E). The ratio of the two minima for E3-IAPP(8-18)A3(22-28)-GI-K3 was 

2(RC):1(β-sheet/β-turn) as for IAPP(8-18)A3(22-28)-GI (Fig. 46B). In fact, it appears that the 

opposite charges at the N- and C- termini of the peptide imposed a higher structural order to 
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IAPP(8-18)A3(22-28)-GI as compared to the positive charges at both ends. This would be 

consistent with a stabilization of β-sheet/β-turn in E3-IAPP(8-18)A3(22-28)-GI-K3 and a 

destabilization of β-sheet/β-turn K3-IAPP(8-18)A3(22-28)-GI-K3. In any case, the charges 

contributed to the solubility of E3-IAPP(8-18)A3(22-28)-GI-K3 which did not aggregate up to 

a concentration of 100 µM (Fig. 46B). By contrast, K3*-IAPP(8-18)A3(22-28)-GI-K3* formed 

soluble oligomers already at 50 µM likely due to the fact that Nε-amino groups of the K3-

stretches were acetylated and no charges were thus present at these side chains (Fig. 46C). 

 

Fig. 46. Concentration dependence of the conformation of K3-IAPP(8-18)A3(22-28)-GI-K3 (A), E3-IAPP(8-

18)A3(22-28)-GI-K3 (B), K3*-IAPP(8-18)A3(22-28)-GI-K3* (C) and K3-IAPP(8-28)-GI-K3 (D) assessed by far-UV 

CD spectroscopy. Measurements were performed in solutions of the peptides in 10 mM sodium phosphate buffer, 

pH 7.4, containing 1% HFIP.  

In order to understand the effects of the charges on the structure of these peptides, pH 

dependence studies were also performed. CD spectra were recorded in phosphate buffer at 

pH 7.4, 2, and 9 at a peptide concentration of 10 µM. The spectra of K3-IAPP(8-18)A3(22-

28)-GI-K3 and K3-IAPP(8-28)-GI-K3 did not exhibit any significant difference between the pH 

2, 7.4, and 9 and the slight variations in the spectra could be attributed to other charged side 

chains present in the peptide (Fig. 47A-D). In fact, the Nε-amino groups of the lysines should 

be mainly in a protonated state (pKa(Lys)= 10,5) under all three pH conditions. Indeed the 

same small variations were also observed in K3*-IAPP(8-18)A3(22-28)-GI-K3* where the K3-
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stretches were acetylated (Fig. 47C). The CD spectrum of E3-IAPP(8-18)A3(22-28)-GI-K3 at 

pH 2 showed less β-sheet/β-turn contribution than the ones at pH 7.4 and 9 in agreement 

with the fact that at pH 2 the carboxylic function of Glu is not charged (pKa(Glu)= 4.3) (Fig. 

47C). These results suggested that when the coulombic attraction decreases, the turn likely 

present in E3-IAPP(8-18)A3(22-28)-GI-K3 is destabilized. 

 

Fig. 47. pH dependence studies of K3-IAPP(8-18)A3(22-28)-GI-K3 (A), E3-IAPP(8-18)A3(22-28)-GI-K3 (B), K3*-

IAPP(8-18)A3(22-28)-GI-K3* (C) and K3-IAPP(8-28)-GI-K3 (D) performed at a peptide concentration of 10 µM in 

10 mM sodium phosphate buffer containing 1% HFIP, pH 7.4 (line), pH 2.0 (dash) or pH 9.0 (dot). 

Lastly, the effects of TFE on the conformation of the above peptides were investigated. In all 

cases, strong CD changes were observed by increasing the TFE concentration indicating α-

helix formation (two minima around 208 nm and 222 nm) (Fig. 48). All peptides formed -

helices already at 20% TFE and the -helical contents reached the maximum amounts at 

60% TFE. In general, the results of the TFE titration studies did not indicate strong 

differences between the -helical propensities of the various peptides. 
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Fig. 48. Effects of TFE on conformation of aqueous solution of K3-IAPP(8-18)A3(22-28)-GI-K3 (A), E3-IAPP(8-

18)A3(22-28)-GI-K3 (B), K3*-IAPP(8-18)A3(22-28)-GI-K3* (C) and K3-IAPP(8-28)-GI-K3 (D). Measurements were 

performed at a peptide concentration of 10 µM in 10 mM sodium phosphate buffer, pH 7.4, containing 1% HFIP 

and the indicated amounts of TFE. 

The interaction of the above peptides with Aβ40, IAPP, IAPP-GI and their self-association as 

well were then studied via fluorescence titration binding assays (Table 19). All tested 

peptides bound Dac-Aβ40 with dissociation constants in the nanomolar range. The strongest 

inhibitor studied in this chapter, K3-IAPP(8-18)A3(22-28)-GI-K3, bound Dac-Aβ40 with low 

nanomolar affinity (Kd,app= 23±1 nM) whereas the weakest inhibitor, E3-IAPP(8-18)A3(22-28)-

GI-K3, showed six times weaker affinity to Dac-Aβ40 (Kd,app= 151±15 nM). The remaining 

peptides bound Aβ40 with similar app. Kds although the inhibitory potencies differed 

significantly. Nanomolar Kd,apps were also found for the interactions of these peptides with 

Fluo-IAPP or Fluo-IAPP-GI with the exception for E3-IAPP(8-18)A3(22-28)-GI-K3 for which 

micromolar affinity was found. A relatively similar relationship was observed between the 

affinities of Fluo-IAPP or Fluo-IAPP-GI towards K3-IAPP(8-18)A3(22-28)-GI-K3 and E3-

IAPP(8-18)A3(22-28)-GI-K3 as for the affinities of Dac-Aβ40 to K3-IAPP(8-18)A3(22-28)-GI-

K3 and E3-IAPP(8-18)A3(22-28)-GI-K3. In fact, K3-IAPP(8-18)A3(22-28)-GI-K3 proved to 

bind stronger Dac-Aβ40, Fluo-IAPP, and Fluo-IAPP-GI than E3-IAPP(8-18)A3(22-28)-GI-K3. 

Of note, all examined peptides in this chapter exhibited self-association affinities in the low 
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nanomolar range. Therefore, their binding to Dac-Aβ40, Fluo-IAPP and Fluo-IAPP-GI may be 

affected by competitive self-association processes. 

Table 19. Apparent affinities (app. Kd) of interaction of K3-IAPP(8-18)A3(22-28)-GI-K3, E3-IAPP(8-18)A3(22-28)-

GI-K3, K3-IAPP(8-18)A3(22-28)-GI, IAPP(8-18)A3(22-28)-GI-K3, K3*-IAPP(8-18)A3(22-28)-GI-K3* and K3-

IAPP(8-28)-GI-K3 with Dac-Aβ40, Fluo-IAPP, Fluo-IAPP-GI and their N-terminal Fluo labeled form as determined 

by fluorescence titration binding assays. The measurements were carried out in 10 mM sodium phosphate buffer, 

pH 7.4, 1% HFIP and at room temperature. The concentration of the fluorescently labeled peptide was 10 nM for 

Dac-Aβ40 and 5 nM for the Fluo-peptide. Kd,app values were determined from one or three binding curves (± SEM 

where indicated). 

 Dac-Aβ40 Fluo-IAPP Fluo-IAPP-GI Self-Ass. 

K3-IAPP(8-18)A3(22-28)-GI-K3 23±1 nM 40 nM 96 nM 64 nM 

E3-IAPP(8-18)A3(22-28)-GI-K3 151±15 nM 570 nM 1,8 µM 99 nM 

K3-IAPP(8-18)A3(22-28)-GI 312 nM 98 nM 83 nM 83 nM 

IAPP(8-18)A3(22-28)-GI-K3 338 nM 249 nM 81 nM 87 nM 

K3*-IAPP(8-18)A3(22-28)-GI-K3* 138 nM 114 nM 50 nM 10 nM 

K3-IAPP(8-28)-GI-K3 860 nM 52 nM 24 nM 14 nM 

3.4.5 Comparison of the effects of the strongest inhibitors on Aβ fibrillogenesis 

toxicity 

In the previous chapters, three IAPP-GI analogues were identified to be the strongest Aβ40 

aggregation inhibitors. Here, the inhibitory potentials of these analogues IAPP(8-18)L3(22-

28)-GI, IAPP(8-18)Amb-Ab(22-28)-GI, and K3-IAPP(8-18)A3(22-28)-GI-K3 were compared 

to each other in order to determine which one has the best inhibitory properties. 

First, the ability of the IAPP-GI analogues to inhibit Aβ40 fibrillogenesis and cytotoxicity was 

tested in the same experimental set up of the Aβ-inhibitors mixtures. Aβ40 fibrillogenesis and 

cytotoxicity were assessed by the ThT binding and the MTT reduction assays. Aβ40 (16.5 

μM, pH 7.4) and the mixtures of Aβ40 with the analogues (16.5 μM each) were incubated for 

14 days. As shown in Fig. 49A, fibrillogenesis of Aβ40 alone had a lag-phase of 48 h. The 

steep increase of ThT binding between 48-144 h was followed by a plateau which indicated 

the end of the fibrillization process. In the presence of IAPP(8-18)L3(22-28)-GI, IAPP(8-

18)Amb-Ab(22-28)-GI, and K3-IAPP(8-18)A3(22-28)-GI-K3 (at 1/1), Aβ40 fibril formation was 

suppressed up to 7 days (Fig. 49A). No differences between the inhibitory potencies on Aβ40 

fibrillogenesis could thus be observed between these three inhibitors. To study formation of 

cytotoxic Aβ40 aggregates, aliquots of the incubations of the ThT binding assays were added 

to PC-12 cells at the time point of 3 and 7 days and cytotoxicities were assessed by the MTT 

reduction assay (Fig. 49B-C-D). The results of Fig. 49B indicated that all three analogs (at 
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1:1) completely suppressed formation of cytotoxic Aβ40 assemblies at the 72 h incubation 

time point. By contrast, the 7 days aged mixtures of the peptides with Aβ40 were partly 

cytotoxic (Fig. 49C): IAPP(8-18)L3(22-28)-GI-K3 was found to be the only analogue which 

was still able to completely inhibit Aβ40 cytotoxicity whereas IAPP(8-18)Amb-Ab(22-28)-GI 

and K3-IAPP(8-18)A3(22-28)-GI-K3 only partially inhibited formation of cytotoxic Aβ40 

aggregates. These results suggested that IAPP(8-18)L3(22-28)-GI was the most potent Aβ40 

aggregation inhibitor if compared to the other two potent Aβ40 aggregation inhibitors IAPP(8-

18)Amb-Ab(22-28)-GI and K3-IAPP(8-18)A3(22-28)-GI-K3. 

 

Fig. 49. Effect of the peptides IAPP(8-18)L3(22-28)-GI, IAPP(8-18)Amb-Ab(22-28)-GI, K3-IAPP(8-18)A3(22-28)-

GI-K3 on Aβ40 fibrillogenesis and cytotoxicity. (A) Fibrillogenesis of Aβ40 (16.5 μM in 50 mM sodium phosphate 

buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) and of a mixture of Aβ40 and peptides (1:1) was followed 

by the ThT binding assay. (B) Aβ40 and mixtures of Aβ40 with peptides at 1:1 (16.5 μM in 50 mM sodium 

phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% HFIP) were incubated for 3 days. Aliquots were then 

diluted with cell culture medium and added to PC-12 cells at the indicated final concentrations. Following 24 h 

incubation at 37°C cell viabilities were assessed via the MTT reduction assay. (C) Cell viabilities were determined 

as under (A) at the incubation time point of 7. Data are means (±SEM) of 3 assays (performed in triplicates). 

In order to compare the different inhibitory potencies of the three peptides toward formation 

of cytotoxic Aβ40 aggregates, the half maximal inhibitory concentration (IC50) assay was 
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determined next. Aβ40 was mixed with different amount of peptides and, following 72 h 

incubation, cytotoxicities were assessed by the MTT reduction assay (Fig. 50). The titrations 

of the mixture of Aβ40 (at 100 nM) with IAPP(8-18)L3(22-28)-GI showed that the inhibitory 

effect of IAPP(8-18)L3(22-28)-GI had an IC50 of 95±16 nM (Fig. 50B). Titrations of the 

mixture of Aβ40 (at 100 nM) with IAPP(8-18)Amb-Ab(22-28)-GI showed that the inhibitory 

effect of IAPP(8-18)Amb-Ab(22-28)-GI had an IC50 of 158±36 nM and titrations of the mixture 

of Aβ40 (at 100 nM) with K3-IAPP(8-18)A3(22-28)-GI-K3 showed that the inhibitory effect of 

K3-IAPP(8-18)A3(22-28)-GI-K3 had an IC50 of 292±78 nM (Fig. 50D-F). For comparison, the 

same assay was performed also with IAPP-GI which exhibited an IC50 of 63 nM which was 

consistent with previously reported IC50 of IAPP-GI with regard to inhibition of Aβ40 toxicity 

[167]. Therefore, these findings suggested that IAPP(8-18)L3(22-28)-GI is the most potent 

inhibitor of Aβ40 cytotoxic self-assembly as compared to the other here presented IAPP-GI 

analogues and that IAPP(8-18)L3(22-28)-GI showed a similar IC50 as IAPP-GI. Based on 

these findings it appears possible that the interaction between Aβ40 and IAPP(8-18)L3(22-

28)-GI might result in formation of non-toxic hetero-oligomeric complexes as it has been 

previously shown for Aβ40 and IAPP-GI. 

 

Fig. 50. Determination of the IC50 of the inhibitory effect of IAPP(8-18)L3(22-28)-GI (A), IAPP(8-18)Amb-Ab(22-

28)-GI (B), K3-IAPP(8-18)A3(22-28)-GI-K3 (C) compared to IAPP-GI (D) on PC-12 cell toxicity of Aβ40 via MTT 

reduction assay. Aβ40 (16.5 μM in 50 mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 1% 
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HFIP) and mixtures of Aβ40 with peptides at the indicated amounts were incubated for 3 days. Aliquots were then 

diluted with cell culture medium and added to PC-12 cells at the final Aβ40 concentration of 100 nM. Data are 

means (±SEM) of 3 assays (performed in triplicates) except for IAPP-GI which data are means (±SEM) of 1 assay 

(performed in triplicates). 

 

Next, the capability of these peptides to reverse the cytotoxic effect of already formed 

cytotoxic Aβ40 aggregates was examined. Aβ40 (16.5 μM, pH 7.4) was aged for 7 days to 

reach the steady-state of the cytotoxic self-assembly process. At this incubation time point, 
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Aβ40 assemblies. 

-10.0 -9.5 -9.0 -8.5 -8.0 -7.5 -7.0

70

80

90

100

 A  

 A  + IAPP-GI

 A  + IAPP(8-18)L3(22-28)GI

 A  + IAPP(8-18)Amb-Ab(22-28)GI

 A  + K3-IAPP(8-18)A3(22-28)GI-K3

%
 C

e
ll 

V
ia

b
ili

ty

log(A  concentration) (M)

 

Fig. 51. Effects of IAPP(8-18)L3(22-28)-GI, IAPP(8-18)Amb-Ab(22-28)-GI, and K3-IAPP(8-18)A3(22-28)-GI-K3, 

as compared to IAPP-GI on already formed cytotoxic Aβ40 aggregates. A 7 days aged 16.5 μM cytotoxic Aβ40 

solution was first diluted to 1.65 μM with buffer (50 mM sodium phosphate buffer, pH 7.4, containing 100 mM 

NaCl and 1% HFIP) and then mixed with 100-fold excess of the peptides. The solutions, including a control 

solution of aged Aβ40 alone, were incubated for 24 h and added to PC-12 cells at the indicated final 

concentrations. Cell viabilities were assessed via the MTT reduction assay. Data are means (±SEM) of 3 assays 

(performed in triplicates). 

Taken together, IAPP(8-18)L3(22-28)-GI proved to be strongest Aβ40 inhibitor of Aβ40 self-

assembly as it was found capable of a) completely suppressing Aβ40 fibrillogenesis and 
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cytotoxicity with an IC50 in the same low nanomolar range as IAPP-GI and b) blocking 

cytotoxicity of preformed Aβ40 cytotoxic aggregates. Of note, the other two potent Aβ40 

aggregation and toxicity inhibitors, IAPP(8-18)Amb-Ab(22-28)-GI and K3-IAPP(8-18)A3(22-

28)-GI-K3 were found by direct comparison to IAPP(8-18)L3(22-28)-GI to be less effective 

and K3-IAPP(8-18)A3(22-28)-GI-K3 could not block cytotoxicity of already formed Aβ40 

cytotoxic aggregates. 
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4 Discussion 

Up-normal protein aggregation is linked to protein folding and misfolding processes. Protein 

misfolding can cause formation of insoluble aggregates that can be disordered as in the 

inclusion bodies or ordered as in the amyloid plaques. The formation of amyloid fibrils is 

associated to many cell degenerative diseases, such as Alzheimer's disease and type 2 

diabetes. The two diseases are characterized by the aggregation of two amyloidogenic 

polypeptides: the 40- 42- residue β-amyloid-peptide (Aβ) in AD and the 37-residue islet 

amyloid polypeptide (IAPP) in T2D. Surprisingly, it has been recently shown in vitro that 

these two peptides are able to cross-interact. In fact, Aβ40 binds IAPP with low nanomolar 

affinity in vitro (Kd,app= 50 nM) when both peptides are in a non-fibrillar and non-cytotoxic 

state [167]. Additionally, it has been found that the hetero-association of Aβ40 and IAPP 

attenuates cytotoxic self-assembly and fibrillogenesis of both peptides [167]. These findings 

suggested that the Aβ-IAPP interaction - if existent in vivo – may be a molecular link between 

AD and T2D [167]. An interaction between Aβ and IAPP is possible in vivo since both 

peptides are present in similar concentrations in serum and cerebrospinal fluid [194]. 

The first question which was addressed in this work was what are the regions of Aβ and 

IAPP which are involved in their hetero-association. Thereby, array of membrane-bound 

peptide decamers were used [177]. The results are presented in chapters 3.1.1 and 3.1.2 

and are summarized here in Scheme 3. For these studies and for solubility reasons the N-

methylated IAPP mimic IAPP-GI was used instead of IAPP and it was found to bind Aβ40 in 

regions Aβ(12-24) and Aβ(26-37) which are both regions previously suggested to mediate 

Aβ40 self-association [61, 62]. On the other side, Aβ40 bound mainly the IAPP(1-20) region 

and part of the C-terminal IAPP region which have been previously also suggested to be 

involved in IAPP self-association [137, 142, 152, 166, 178]. Therefore, the Aβ40 and IAPP 

peptide arrays were also tested with regard to their binding to Aβ40 respectively IAPP. 

Thereby, the Aβ40 and IAPP peptide membranes were incubated with full length Biotin-Aβ40 

and Biotin-IAPP-GI respectively. These studies confirmed that regions which are important 

for the Aβ-IAPP hetero-association mediated also their self-association (Scheme 3). In 

parallel to the above studies using membrane-bond peptide arrays, the regions (19-22), 

Aβ(27-32), Aβ(35-40), IAPP(8-18) and IAPP(22-28) were found by fluorescence based 

solution binding studies to correspond to the shortest regions or “hot regions” responsible for 

the Aβ-IAPP interaction [177]. Therefore, the binding sites of the determined Aβ and IAPP 

hot regions were in the course of my studies also investigated using the IAPP or Aβ 

membrane bound decamers, respectively. In order to simplify the assays with membrane-

bound peptide arrays, segments Aβ(15-24), Aβ(25-35), IAPP(10-18), and IAPP(20-29) were 
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used (Scheme 3; red and blue letters). The Aβ regions Aβ(15-24) and Aβ(25-35) were found 

to cross-interact with IAPP regions IAPP(1-20) and IAPP(16-29) (Scheme 3; red and blue 

underlining). IAPP(10-18) was shown to interact only with the C-terminus of Aβ Aβ(26-37) 

while IAPP(20-29) bound both Aβ regions Aβ(11-25) and Aβ(23-37) (Scheme 3; red and blue 

dashed underlining). As summarized in Scheme 3, a broad network of self- and cross-

interactions between the hot regions of Aβ and IAPP was found. 

 

Scheme 3. Cross- and self-interacting regions of Aβ40 and IAPP as indicated by binding studies with peptide 

arrays (gray bars; light gray: weak interaction). The following sequences were used for the cross-interaction 

assays: Aβ(15–24) (blue letters), Aβ(25–35) (red letters), IAPP(10-18) (blue letters) and IAPP(20–29) IAPP(red 

letters). Red and blue underlinings represent the domains that were found in the cross-interaction assay. (The 

figure was adapted from Ref. [177].) 

Given that the self-assembly process of Aβ42 is considered to play a main role in the 

pathogenesis of AD, the Aβ42 region that interact with IAPP were also determined using 

IAPP decamers on membrane [195]. Aβ42 showed similar binding behavior towards IAPP 

region as Aβ40.The results of the binding assays using membrane-bound peptide arrays 

helped in obtaining first information about the regions involved in the Aβ-IAPP interaction. As 

mentioned above, to determine more precisely the hot spot regions of the Aβ40-IAPP 

interaction interface, a number of partial Aβ40 and IAPP sequences and their fluorescently 

labeled analogues were synthesized - based on the results of the membrane bound peptide 

arrays -, and their interactions with IAPP and Aβ40 were characterized by fluorescence 

titration binding assays [177]. These studies identified five short peptide segments of Aβ and 

IAPP i.e. Aβ(19-22), Aβ(27-32), Aβ(35-40), IAPP(8-18), and IAPP(22-28) as hot regions of 

the Aβ40-IAPP cross-interaction interface and in addition they showed that these peptide 

regions are able to self- and to cross-interact (Scheme 4) [177]. As these peptide regions 

were also found to be high-affinity ligands of both Aβ and IAPP (app. Kds in the nanomolar to 

low micromolar range) these results also suggested that the hetero-association between 

Aβ40 and IAPP proceeds via their self-association regions. Interestingly, it has been recently 

shown that the here identified IAPP hot regions IAPP(8-18) and IAPP(22-28) are also 
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involved in the binding to insulin [137, 166, 178, 196, 197]. Furthermore, two of the three Aβ 

hot regions found here to be involved in Aβ40-IAPP association Aβ(27-32) and Aβ(35-40) 

have been recently shown to also mediate binding of Aβ to tau [198].  

The identified broad interaction network between the hot regions of Aβ and IAPP with regard 

to both self- and cross-interactions suggests that these segments interact with each other in 

a competitive way during Aβ and IAPP self- or hetero-association. As Aβ and IAPP are linear 

and conformationally flexible polypeptides in their early pre-fibrillar states, multiple-

interactions would be possible and are consistent with the polymorphism observed in Aβ and 

IAPP fibrils [45].  

 

Scheme 4. Summary of the determined cross- and self-interactions between the hot (solid arrows) or slightly 

longer sequences (dashed arrows) of the Aβ40-IAPP interaction interface (hot regions in blue, red, and green). 

For interactions involving longer regions, the following sequences were used: Aβ(15-24) instead of Aβ(19-22), 

Aβ(25-35) instead of Aβ(27-32), and IAPP(20-29) instead of IAPP(22-28). (The figure was taken from Ref. [177].) 

Based on the above results and on the earlier finding of our group that IAPP is able to 

suppress cytotoxic self-association of Aβ40 and vice versa, a study of the effect of the 

individual regions of IAPP on Aβ40 self-association into cytotoxic aggregates and fibrils was 

performed next [167]. Most likely due to the fact that native IAPP is a very amyloidogenic and 

cytotoxic peptide, its effect on suppressing cytotoxicity in 1/1 Aβ-IAPP solutions is weaker 

when compared to the effect of its non-amyloidogenic and non-toxic analogue IAPP-GI [167]. 

Therefore, the effects of the regions of both IAPP and IAPP-GI on Aβ40 cytotoxicity and 

fibrillogenesis were studied [199]. Since IAPP-GI is a very potent inhibitor of Aβ40 

aggregation and toxicity and IAPP(8-18) and IAPP(22-28)-GI were identified as “hot regions” 

of the Aβ-IAPP and Aβ40-IAPP-GI interaction interface, it was expected that IAPP(8-28)-GI 

consisting of the two hot regions of the Aβ-IAPP interaction interface would also inhibit. 

Surprisingly, the results reported in chapter 3.2 showed that IAPP(8-28)-GI is unable to 

inhibit Aβ40 fibrillogenesis and toxicity as well as IAPP(8-28). As expected, no effects of the 

segments IAPP(1-7) and IAPP(30-37), which have been found to not bind Aβ40, on Aβ40 

fibrillogenesis and cytotoxicity were observed [177]. 
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Next, the role of the N- and C-terminal IAPP domains in inhibition of Aβ40 fibrillogenesis and 

toxicity was investigated by extending the hot regions of Aβ-IAPP interaction interface either 

to the N- or to the C- terminal direction. The segment IAPP(1-28)-GI was found to be a 

strong inhibitor of Aβ40 fibrillogenesis and toxicity although not as potent as IAPP-GI while 

IAPP(8-37)-GI was unable to suppress Aβ40 fibrillogenesis and toxicity. Taken together, 

these results suggest that the N-terminal sequence of IAPP(1-7) plays an important role in 

the inhibition of Aβ40 self-assembly although the domain IAPP(1-7) per se does not bind 

Aβ40 [177]. By contrast, the C-terminal region IAPP(30-37) appeared to be not required for 

inhibitory function even in combination with IAPP(8-28)-GI as in IAPP(8-37)-GI. However, the 

presence of IAPP(1-7) together with IAPP(30-37) as in full length IAPP-GI results in the 

strongest inhibitory effect [167]. The importance of the N-terminal region IAPP(1-7) for the 

inhibitory effect of IAPP-GI on Aβ40 aggregation and toxicity was further confirmed by 

studies on the effects of IAPP(8-18) and IAPP(1-18). In fact, both peptides could in part delay 

Aβ40 fibrillogenesis but only IAPP(1-18) was able to partially suppress formation of cytotoxic 

Aβ40 species as well while IAPP(8-18) had no effect. Both peptides IAPP(8-18) (Kd,app= 

275±28 nM) and IAPP(1-18) (Kd,app= 183±56 nM) exhibited a similar binding affinity to Aβ40 

suggesting that the N-terminus does not strongly contribute to the binding affinity of IAPP(1-

18) to Aβ40 [177]. 

 

Scheme 5. Schematic summary of the effects of the IAPP-GI (and IAPP) region on Aβ40 amyloid formation and 

cytotoxicity. Bars in dark colour indicate regions found to inhibit both Aβ40 fibrillization and toxicity; the intensity of 

the colour correlates to their inhibitory potency. White bars indicate segments that had no effect on both of these 

two processes. (The figure was taken from Ref. [199].) 

The second IAPP (IAPP-GI) “hot region” of IAPP (IAPP-GI) in the Aβ-IAPP interaction 

interface IAPP(22-28) (or IAPP(22-28)-GI) was also found to be unable to affect Aβ40 

fibrillogenesis and toxicity. These findings together with the data on the effects of IAPP(8-18) 

are consistent with the results of the studies on the IAPP(8-28)-GI region which comprises 

both “hot regions”. 
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In order to better understand the role of the N-terminus, conformational studies on the self-

assembly propensity of IAPP(8-28)-GI and IAPP(1-28)-GI were performed using CD 

spectroscopy. IAPP(8-28)-GI forms mainly disordered soluble oligomers between 10 and 100 

µM while IAPP(1-28)-GI exhibits likely a more stable structured oligomeric state between 10 

and 100 µM. Thus, it appears that the N-terminus region IAPP(1-7) stabilizes a specific 

conformation of IAPP(1-28)-GI. These findings suggest that a specific conformation is 

required for the inhibition of Aβ40 self-assembly which is not significantly populated in 

IAPP(8-28)-GI. Previous studies have shown that the N-terminus in full length IAPP acts on 

the kinetics of fibril formation and mediates the conformational transition of IAPP into high 

order fibrillar aggregates though not being directly involved its self-association [136, 166, 

178, 200]. Thus, it appears that the IAPP N-terminus plays an important role in both self- and 

hetero-association with Aβ40. 

Similar self-association propensities were found for IAPP(8-28)-GI (Kd,app= 71±10 nM) and 

IAPP(1-28)-GI (Kd,app= 44±2 nM). By contrast, full length IAPP-GI had a much lower self 

association propensity (Kd,app= 4 nM) [155]. Thus, the differences in the inhibitory abilities of 

IAPP(8-28)-GI, IAPP(1-28)-GI, and IAPP-GI might be related to the differences between self-

assembly potentials of these three peptides. The binding affinities of these peptides to Dac-

Aβ40 were also determined. The affinities of Dac-Aβ40 to IAPP(8-28)-GI (Kd,app= 196±20 nM) 

and to IAPP(1-28)-GI (Kd,app= 192±10 nM) were very similar to the affinity toward IAPP-GI 

(Kd,app= 267±49 nM) [167]. Of note, the binding affinity of Dac-Aβ40 to IAPP(8-37)-GI, which 

was found to be unable to interfere with Aβ40 aggregation was in the nanomolar range as 

well (Kd,app= 74 nM). These results suggested that the apparent affinities of the interactions of 

the above IAPP-GI segments with Dac-Aβ40 do not directly correlate with their ability -or 

inability- to intervene with Aβ40 fibrillogenesis and cytotoxicity processes. 

 

Next, a closer examination on the role of the N-terminal region IAPP(1-7) in the interaction of 

IAPP-GI with Aβ40 was carried out by using two different strategies. First, the effects of 

sequences IAPP(8-28)-GI vs. IAPP(1-28)-GI on Aβ40 fibrillogenesis and cytotoxicity were 

compared to the effects of analogs containing the “hot regions” IAPP(8-18) and IAPP(22-28)-

GI which have been connected with each other by using two different tripeptide sequences 

(chapter 3.3.1). These two peptides containing (Gly-Gly-Gly) and (Ala-Ala-Ala) linkers belong 

to the series of designed peptides as inhibitors of Aβ40 aggregation which will be discussed 

later. Second, a systematic analysis on the specific role of the residues within the region of 

IAPP(1-7) was performed (chapter 3.3.2). 

In the first approach, the influence of the N-terminus was examined through the maintenance 

of the hot regions, IAPP(8-18) and IAPP(22-28)-GI, and the substitution of the three residues 

between them in the native IAPP(8-28)-GI sequence with three glycines or three alanines. 
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The following peptides were generated and their properties compared to each other: IAPP(8-

28)-GI vs. IAPP(1-28)-GI, IAPP(8-18)G3(22-28)-GI vs. IAPP(1-18)G3(22-28)-GI, IAPP(8-

18)A3(22-28)-GI vs. IAPP(1-18)A3(22-28)-GI. Under the IAPP(8-28)-GI analogues, only 

IAPP(8-18)A3(22-28)-GI inhibited Aβ40 fibril formation and partially suppressed formation of 

cytotoxic Aβ40 species while IAPP(8-28)-GI and IAPP(8-18)G3(22-28)-GI were unable to do 

so. By contrast, the three different IAPP(1-28)-GI analogues were found to completely 

suppress formation of fibrils and toxic Aβ40 assemblies at the 72 h incubation time point. 

After incubation of 7 days, the mixtures of Aβ40 with IAPP(1-28)-GI or IAPP(1-18)A3(22-28)-

GI were found to be as toxic as Aβ40 whereas the mixture of Aβ40 with IAPP(1-18)G3(22-

28)-GI was still not toxic. These results suggested once again that the N-terminus plays an 

important role in the inhibitory effect of IAPP-GI of Aβ40 fibrillogenesis and cytotoxicity. 

Conformational studies on the IAPP(8-28)-GI analogues by CD spectroscopy revealed higher 

contents of disordered soluble oligomers between 10 and 100 µM. By contrast, the IAPP(1-

28)-GI analogues consisted of more ordered and stable oligomers between 10 and 100 µM. 

These results suggested that the N-terminus stabilizes a specific conformation in the IAPP(1-

28)-GI analogues which appears to play an important role in the inhibitory effect of Aβ40 

fibrillogenesis and cytotoxicity. 

Many studies have shown that peptide aggregation can occur by a conformational transition 

of α-helical or random coil states to β-sheets [138, 201, 202]. Additionally, it has been shown 

that the N-terminal region of IAPP IAPP(1-18) has an α-helical propensity [138, 197]. 

Therefore, TFE titration studies were performed next in order to compare the α-helical 

propensities of the different analogues. Both the IAPP(8-28)-GI and the IAPP(1-28)-GI 

analogues were found to form α-helices and the midpoints of the transitions were at similar 

TFE concentrations. These results indicated that the α-helical propensities of the IAPP(8-28)-

GI and the IAPP(1-28)-GI analogues is not directly related to their different potencies with 

regard to inhibition Aβ40 fibrillogenesis and cytotoxicity. These studies also showed that the 

N-terminal region does not significantly contribute to the stabilization of the α-helical structure 

in IAPP(1-28)-GI. Next, the affinities of interaction of these peptides with Aβ40 were 

determined by fluorescence based binding assays in solution. Affinities in the micro- to low 

nanomolar range were found for all studied interactions consistent with no correlation 

between binding affinities and inhibitory effects on Aβ40 aggregation and toxicity. 

In order to investigate the potential role of the specific residues within the N-terminal 

sequence IAPP(1-7) on Aβ40 aggregation and toxicity, the following peptides were 

synthesized and studied: G7-IAPP(8-28)-GI, A7-IAPP(8-28)-GI, (A1-3)IAPP(1-28)-GI, (A4-

6)IAPP(1-28)-GI, and IAPP(1-28)-GI-red. Thereby, G7-IAPP(8-28)-GI and A7-IAPP(8-28)-GI 

were proved to be weaker inhibitors of Aβ40 fibrillogenesis and cytotoxicity as compared to 

IAPP(1-28)-GI. On the other hand, these two peptides were clearly more potent inhibitors of 
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Aβ40 aggregation and toxicity as compared to IAPP(8-28)-GI indicating that part of this 

inhibitory effect can be obtained by adding a peptide sequence to the N-terminus of IAPP(8-

28)-GI. However, (A1-3)IAPP(1-28)-GI and (A4-6)IAPP(1-28)-GI were found to inhibit Aβ40 

fibrillogenesis and cytotoxicity in a similar manner as IAPP(1-28)-GI. These data suggested 

that, unlike the substitution of all 7 residues, substitution of only two residues in the IAPP(1-

7) region is not sufficient to affect the inhibitory effect of IAPP(1-28)-GI on Aβ40 aggregation 

and toxicity. The reduced form of IAPP(1-28)-GI IAPP(1-28)-GI-red was found to have similar 

inhibitory property as IAPP(1-28)-GI proving that the disulfide bridge between Cys2 and Cys7 

does not play a crucial role in the inhibition of Aβ40 aggregation. The disulfide bridge in IAPP 

is highly conserved between the various species, it is required for the biological activity of 

IAPP, and prevents the N-terminus from forming a β-strand [187, 203]. On the other hand the 

disulfide bridge does not contribute to the formation of the fibrillar core structure but it 

appears to play an important role in IAPP self-assembly [187]. The results of the here 

presented work would suggest that the similarly strong inhibitory effects of the oxidized and 

reduced forms of IAPP(1-28)-GI as compared to the lack of effects of IAPP(8-28)-GI, G7-

IAPP(8-28)-GI and A7-IAPP(8-28)-GI might be due to differences between the interactions of 

these peptides with Aβ40. In other words, the different IAPP(1-28)-GI analogues may likely 

adopt different conformations and would thus interact in different ways with Aβ40. The results 

of the CD concentration dependence studies of the IAPP(1-28)-GI analogues indicated 

formation of mainly disordered soluble oligomers for G7-IAPP(8-28)-GI and A7-IAPP(8-28)-

GI between 10 and 200 µM while a quite stable structured oligomeric state was found to be 

populated by (A1-3)IAPP(1-28)-GI and (A4-6)IAPP(1-28)-GI between 5 and 50 µM. TFE 

titration studies showed that A7-IAPP(8-28)-GI has the highest α-helical content followed by 

(A1-3)IAPP(1-28)-GI and (A4-6)IAPP(1-28)-GI in agreement with the presence of the α-helix 

inducing substituent Ala. G7-IAPP(8-28)-GI was found to exhibit a similar α-helical content to 

IAPP(1-28)-GI. Taken together, these results suggested that (A1-3)IAPP(1-28)-GI and (A4-

6)IAPP(1-28)-GI may populate a specific conformer which might be also populated by 

IAPP(1-28)-GI and which may be important for inhibition of Aβ40 self-assembly. By contrast 

G7-IAPP(8-28)-GI and A7-IAPP(8-28)-GI appear to exhibit higher disordered secondary 

structural contents than IAPP(1-28)-GI. Self-association affinities and binding affinities to 

Dac-Aβ40 of the IAPP(1-28)-GI analogues were found to be in the low nanomolar range. 

Since the binding affinities to Dac-Aβ40 of these different peptides were very similar to each 

other, it appears that they do not correlate to their effects on Aβ40 fibrillogenesis and 

cytotoxicity. It is known that the sequence IAPP(1-7) alone does not bind IAPP and Aβ40; 

thus, the binding affinities toward Dac-Aβ40 are the result of the interaction of the IAPP hot 

regions with Dac-Aβ40 [177]. 
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The next question which was addressed in my thesis was whether it is possible to devise a 

potent inhibitor of Aβ40 aggregation by covalently linking the previously identified IAPP hot 

regions of the Aβ-IAPP interaction interface to each other. Given that IAPP(8-28)-GI, which 

contains these two “hot regions” IAPP(8-18) and IAPP(22-28)-GI linked to each other by the 

tripeptide sequence SSN, was found to be unable to inhibit Aβ40 aggregation and toxicity, 

the design of these novel peptides focused on using different linkers to connect the hot 

regions. 

 

As first, the sequence SSN was replaced by non-native hydrophobic or hydrophilic linkers 

generating the following peptides: IAPP(8-18)Aoc(22-28)-GI, IAPP(8-18)Adc(22-28)-GI and 

IAPP(8-18)PEG(22-28)-GI (chapter 3.4.1). IAPP(8-18)Adc(22-28)-GI was found to partially 

inhibit Aβ40 fibrillogenesis and cytotoxicity whereas IAPP(8-18)Aoc(22-28)-GI and IAPP(8-

18)PEG(22-28)-GI were completely inactive. The linkers Aoc and PEG had a similar length 

which corresponds to the length of a tripeptide in an extended conformation as in the IAPP(8-

28)-GI sequence; however, Aoc is hydrophobic and PEG hydrophilic. These two peptides 

were found to be unable to suppress Aβ40 aggregation and toxicity as was also found for 

IAPP(8-28)-GI. On the other side, IAPP(8-18)Adc(22-28)-GI, the peptide with the longer 

spacer Adc (corresponding approximately to the length of a tetrapeptide), slightly inhibited 

Aβ40 fibrillogenesis and cytotoxicity suggesting that the length of the spacer might play an 

important role. The common denominator of the above analogues was the high degree of 

flexibility of the linkers which might have favored the self association rather than the 

interaction with Aβ40. 

The conformational studies of the above peptides indicated significant differences between 

their conformations related to the nature of the linkers. IAPP(8-18)Aoc(22-28)-GI exhibited a 

mixture of disordered and β-sheet structures at low concentrations and mainly β-sheet 

structures at higher concentrations. The elongation of Aoc by two methylene groups as in 

IAPP(8-18)Adc(22-28)-GI resulted in an increase of the hydrophobic character of the linker. 

The Adc peptide exhibited pronounced β-sheet structure even at low concentrations. By 

contrast, IAPP(8-18)PEG(22-28)-GI forms mainly disordered soluble oligomers. The 

hydrophobic character of Aoc and Adc and the absence of hydrogen bond forming capacity 

of the methylene groups of these two residues likely underlies the results of the TFE titration 

studies of IAPP(8-18)Aoc(22-28)-GI and IAPP(8-18)Adc(22-28)-GI. In fact, only low amounts 

of α-helical conformers were observed for both peptides following TFE titration studies. By 

contrast, strong α-helical stabilization was observed in IAPP(8-18)PEG(22-28)-GI likely due 

to the hydrophilic character and hydrogen bond forming ability of the (O-CH2-CH2) unit in 

PEG.  
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Next, the sequence SSN between the two “hot regions” was substituted for tripeptide 

sequences with side chains of different hydrophobicity and steric hindrance yielding the 

peptides IAPP(8-18)G3(22-28)-GI, IAPP(8-18)A3(22-28)-GI, IAPP(8-18)V3(22-28)-GI, and 

IAPP(8-18)L3(22-28)-GI (chapter 3.4.2). Their effects on inhibition of Aβ40 fibrillogenesis and 

cytotoxicity were found to correlate well with hydrophobicity or steric hindrance of the side 

chains of the amino acids in the linker sequences. In fact, IAPP(8-18)L3(22-28)-GI was found 

to be the most potent inhibitor whereas IAPP(8-28)-GI and IAPP(8-18)G3(22-28)-GI had no 

effect and IAPP(8-18)A3(22-28)-GI and IAPP(8-18)V3(22-28)-GI had an intermediate effect 

on Aβ40 aggregation and cell toxicity. These results suggested that a potent inhibitor was 

obtained by increasing the hydrophobicity and the steric hindrance of the side chains of the 

linker between the two hot regions. According to the hydropathic scale of Kite and Doolittle, 

Val is the most hydrophobic amino acid used as a linker in the series of IAPP(8-28)-GI 

analogues [190]. This would suggest that both the hydrophobicity character and the steric 

hindrance imposed by the methyl groups on the Cβ of Val play an important role in the effect 

of this peptide on Aβ40 aggregation and cell toxicity. Additional information was obtained by 

CD studies on the conformation; thus, IAPP(8-28)-GI, IAPP(8-18)G3(22-28)-GI, and IAPP(8-

18)A3(22-28)-GI exhibited mainly disordered oligomeric structures in aqueous solution pH 

7.4 between 10 and 100 µM whereas IAPP(8-18)V3(22-28)-GI and IAPP(8-18)L3(22-28)-GI 

were found to form mainly oligomeric β-sheet structures. The CD data suggest that 

analogues adopting mainly β-sheet/β-turn structures are more likely suitable to intervene with 

Aβ40 self-assembly. The CD TFE titration studies revealed that the α-helical content can be 

modulated by changing the residues between the “hot-regions”; namely, IAPP(8-18)A3(22-

28)-GI and IAPP(8-18)L3(22-28)-GI had the highest α-helical contents in agreement with the 

high α-helical propensity of Ala and Leu [186]. However, no correlation of α-helix forming 

propensity and inhibitory potentials was found. The binding affinities of these peptides to 

Dac-Aβ40 were in micro- to low nanomolar range which indicated that they are not strongly 

related to the inhibitory effects on Aβ40 fibrillogenesis and cytotoxicity.  

 

In order to obtain more evidence for the hypothesis that a specific conformation of the 

inhibitor consisting of linked IAPP hot regions and bulky side chains between the hot regions 

are key components of a potent Aβ inhibitor another class of constrained peptides was 

devised consisting of IAPP(8-18)L3(22-28)-GI-cyclo and IAPP(8-18)Amb-Ab(22-28)-GI 

(chapter 3.4.3). IAPP(8-18)L3(22-28)-GI-cyclo is the cyclic analogue of IAPP(8-18)L3(22-28)-

GI which was found to be a potent inhibitor of Aβ40 aggregation and toxicity. The linker in 

IAPP(8-18)Amb-Ab(22-28)-GI was selected due to its extended nature and rigidity in order to 

devise an analogue with diminished intramolecular association of the two hot regions [192]. 

Aβ40 fibrillogenesis and cytotoxicity assays revealed that IAPP(8-18)L3(22-28)-GI-cyclo 
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could not intervene with Aβ40 self-assembly and toxicity whereas IAPP(8-18)Amb-Ab(22-

28)-GI strongly suppressed Aβ40 cytotoxicity and fibril formation. Both peptides bound Dac-

Aβ40 with low micromolar affinities while their self association affinities were in the low 

nanomolar range. Therefore, no correlation was found between their effects on Aβ40 

cytotoxicity and fibrillogenesis and binding affinities to Dac-Aβ40. The apparent affinity of 

self-association of IAPP(8-18)L3(22-28)-GI-cyclo was 10 times lower than in the case of 

IAPP(8-18)L3(22-28)-GI indicating that the cyclic constraint in IAPP(8-18)L3(22-28)-GI-cyclo 

may promote self-association. CD concentration dependence studies confirmed that IAPP(8-

18)L3(22-28)-GI-cyclo had a higher aggregation propensity than IAPP(8-18)L3(22-28)-GI. 

IAPP(8-18)Amb-Ab(22-28)-GI formed also oligomeric β-sheet structures likely due to the 

hydrophobicity of the linker. The behavior of these two peptides in TFE-containing solutions 

was quite atypical: thus, IAPP(8-18)L3(22-28)-GI-cyclo adopted mainly disordered 

conformations while IAPP(8-18)Amb-Ab(22-28)-GI exhibited weak α-helical contents. Thus, 

the constraints imposed on the above two analogues by the linkers had remarkable effects 

on their structures and their effects on Aβ40 aggregation and toxicity. In fact, the potent 

inhibitor IAPP(8-18)L3(22-28)-GI became totally inactive when constrained - likely in a β-

hairpin conformation - as in IAPP(8-18)L3(22-28)-GI-cyclo while the presence of a rigid 

extended linker as in IAPP(8-18)Amb-Ab(22-28)-GI was found to yield a potent inhibitor of 

Aβ40 aggregation and toxicity. 

 

The last part of the designed inhibitors of Aβ40 aggregation and toxicity focused on 

analogues containing β-hairpin stabilizing or destabilizing charges at the N- or C-termini of 

the IAPP(8-18)A3(22-28)-GI (chapter 3.4.4). The following three analogues were designed 

and tested: K3-IAPP(8-18)A3(22-28)-GI-K3, E3-IAPP(8-18)A3(22-28)-GI-K3, K3-IAPP(8-28)-

GI-K3. In addition, several control peptides were also tested. K3-IAPP(8-18)A3(22-28)-GI-K3 

was found to be the strongest inhibitor whereas E3-IAPP(8-18)A3(22-28)-GI-K3 was 

completely inactive. These findings suggested that coulombic repulsion between the lysines 

present in K3-IAPP(8-18)A3(22-28)-GI-K3 might have destabilize a β-hairpin which may have 

caused more effective interaction with Aβ40 with regard to inhibition of Aβ40 self-association 

and toxicity. Instead, the coulombic attraction forces between the side chains of the E3- and 

K3-streches might have promoted the β-hairpin in peptide E3-IAPP(8-18)A3(22-28)-GI-K3. 

Studies on β-hairpins have shown that the peptides with β-hairpin forming propensities can 

become stabilized by inserting at the peptide edges electrostatic pair residues [204]. 

Interestingly, IAPP(8-28)-GI which was completely inactive with regard to the inhibition of 

Aβ40 aggregation and toxicity changed completely its properties when three lysines were 

added at the N- and C- termini as in K3-IAPP(8-28)-GI-K3 demonstrating the importance of 

the charges and the conformation stabilized by their presence for the inhibitory effect on 
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Aβ40 fibrillogenesis and cytotoxicity. As expected by the above findings, the control peptide 

with six Nε-acetylated lysine residues K3*-IAPP(8-18)A3(22-28)-GI-K3* was found to be 

unable to inhibit Aβ40 aggregation and toxicity. Further, the control peptide K3-IAPP(8-

18)A3(22-28)-GI was found to partially inhibit while IAPP(8-18)A3(22-28)-GI-K3 did not. 

These latter finding raised the question whether the basic residues at the N-terminus of 

IAPP(8-18)A3(22-28)-GI are more important for the inhibition than the one at the C-terminus. 

Previous studies suggested that the high affinity of the B10 antibody to Aβ40 is related to the 

basic residues located on the antibody which are establishing electrostatic interactions with 

the acidic residues of Aβ40 mainly located in the N-terminus [205]. 

Next, the affinities of the above analogues with Aβ40 were determined by fluorescence 

based binding studies. Thereby, binding affinities in the nanomolar range were determined. 

The apparent self-association affinities were, however, lower than the app. Kds to Dac-Aβ40 

except for the strongest Aβ40 aggregation inhibitor, K3-IAPP(8-18)A3(22-28)-GI-K3, for 

which the self-association affinity (Kd,app= 64 nM) was in the same range as the affinity of the 

interaction with Dac-Aβ40 (Kd,app= 23±1 nM). 

 

As a final point, a comparison of the inhibitory potencies of the strongest inhibitors identified 

in this work was performed (chapter 3.4.5). Three peptides were found to be the most 

efficient Aβ40 aggregation inhibitors: IAPP(8-18)L3(22-28)-GI, IAPP(8-18)Amb-Ab(22-28)-GI, 

and K3-IAPP(8-18)A3(22-28)-GI-K3. First, cytotoxicity assays at the 7 days incubation time 

point with Aβ40 were performed and IAPP(8-18)L3(22-28)-GI was found to be the strongest 

inhibitor: in fact, it suppressed formation of cytotoxic Aβ40 species up to the time point of 7 

days. K3-IAPP(8-18)A3(22-28)-GI-K3 also inhibited at that time-point albeit it had a weaker 

effect than IAPP(8-18)L3(22-28)-GI whereas no inhibitory effect was found for IAPP(8-

18)Amb-Ab(22-28)-GI. Studies on the half maximal inhibitory concentration (IC50) for the 

inhibitory effects of these peptides on formation of cytotoxic Aβ40 species designated 

IAPP(8-18)L3(22-28)-GI to be the peptide with the strongest inhibitory capacity (IC50= 95±16 

nM) which was very similar to the IC50 of the effect of IAPP-GI on Aβ40 cytotoxicity (IC50= 63 

nM). Slightly lower inhibitory potencies were found for IAPP(8-18)Amb-Ab(22-28)-GI (IC50= 

158±36 nM) and K3-IAPP(8-18)A3(22-28)-GI-K3 (IC50= 292±78 nM). Finally, it was examined 

whether these peptides could block toxicity of already formed cytotoxic Aβ40 aggregates. 

IAPP(8-18)L3(22-28)-GI was found to block toxicity of already formed Aβ40 cytotoxic 

assemblies at a 100-fold excess to Aβ40. IAPP(8-18)Amb-Ab(22-28)-GI could only partially 

reverse the cytotoxicity of already formed Aβ40 aggregates under these conditions and K3-

IAPP(8-18)A3(22-28)-GI-K3 had no effect. Of note, IAPP-GI has been previously found to 

redissociate already formed fibrils and cytotoxic Aβ40 aggregates at a 50-fold excess to 

Aβ40 [167]. 
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In conclusion, IAPP(8-18)L3(22-28)-GI is a designed IAPP-GI analogue whose properties 

with regard to inhibition of Aβ40 aggregation and toxicity are very similar to the properties of 

IAPP-GI. In fact, IAPP(8-18)L3(22-28)-GI was found to be an inhibitor of Aβ40 cytotoxic 

oligomerization and fibrillogenesis with low nanomolar activity and additionally it is able to 

reverse the cytotoxic effect of already formed Aβ40 aggregates. 

 

A schematic summary of the results obtained in this thesis IAPP-GI-derived inhibitors of 

Aβ40 aggregation and toxicity is presented in Fig. 52. It has been previously shown that 

IAPP-GI is a conformationally stabilized non-amyloidogenic conformer of IAPP [155, 167]. A 

model of IAPP fibrils obtained by solid state NMR studies has suggested a parallel in-register 

assembly with a β-strand-loop-β-strand motif [142]. Additionally, studies carried out by ion 

mobility mass spectrometry combined with molecular dynamics have suggested the 

presence of two types of monomeric IAPP: a helix coil family and a β-hairpin one [139]. 

Following studies of the same group on IAPP dimers proposed that the β-hairpin family will 

further aggregate to fibrils [206]. It was also reported that the binding between two β-hairpins 

occurs side by side rather than stacking one over the other suggesting a possible 

mechanism for the observed inhibitory effect of N-methylated IAPP sequences or the IAPP 

mimic IAPP-GI on IAPP aggregation and toxicity [155, 206]. In fact, the N-methylations in 

IAPP-GI would allow the binding on one side and block the side-by-side sheet assembly via 

the other side [206]. Thus, a novel designed peptide inhibitor containing the two IAPP hot 

regions IAPP(8-18) and IAPP(22-28)-GI might possibly have to mimic a specific IAPP-GI 

conformer in order to inhibit Aβ40 fibrillogenesis and cytotoxicity. Four different chemical 

ways were found here to be effective in generating such inhibitory potential (Fig. 52). First, 

the addition of the N-terminal sequence to IAPP(8-28)-GI IAPP(1-7) as in IAPP(1-28)-GI 

which may have contributed to stabilization of a preferred conformation in IAPP(1-28)-GI 

[199]. In fact, CD data have indicated a higher conformational flexibility in IAPP(8-28)-GI as 

compared to IAPP(1-28)-GI. Second, the insertion of a sterically hindered hydrophobic linker 

between the hot regions as in IAPP(8-18)L3(22-28)-GI which appears to stabilize a specific 

β-sheet/β-turn conformation. Third, the introduction of an extended rigid linker between the 

hot regions as in IAPP(8-18)Amb-Ab(22-28)-GI which also exhibited a prominent β-sheet/β-

turn stabilization. Fourth, the introduction of positively charged residues at the N- and C-

termini of the covalently linked hot regions as in K3-IAPP(8-18)A3(22-28)-GI-K3. The CD 

data of all here identified IAPP-derived inhibitors of Aβ40 aggregation and toxicity indicated 

always at least in part β-sheet/β-turn contents, especially in the case of IAPP(8-18)L3(22-

28)-GI which was the most potent Aβ40 fibrillogenesis and cytotoxicity inhibitor. The potent 

inhibitors found in this work may thus bind to a specific Aβ40 conformation such as a β-

hairpin and prevent its further aggregation. In fact, it has been shown that a stabilized β-
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hairpin of Aβ, obtained by a double cysteine mutation of Aβ followed by formation of 

intramolecular disulfide bridge, produces neurotoxic oligomers [207]. 

 

Fig. 52. Summary of the effects of IAPP-GI and suitable representatives of the here presented analogs. The 

ability of these peptides to inhibit Aβ40 aggregation and toxicity is represented with +++ (potent inhibitor), ++ 

(good inhibitor), + (middle inhibitor), and – (ineffective). 

By contrast, peptides as IAPP(8-28)-GI, IAPP(8-18)Aoc(22-28)-GI, IAPP(8-18)PEG(22-28)-

GI which were found to be ineffective in the inhibition of Aβ40 aggregation and toxicity might 

be unable to stabilize a specific conformation which mimics the IAPP-GI conformation and 

would be efficient in the inhibition of Aβ40 aggregation. On the other side IAPP(8-18)L3(22-

28)-GI-cyclo and E3-IAPP(8-18)A3(22-28)-GI-K3 which were also found to be unable to 

inhibit Aβ40 aggregation and toxicity might be constrained into a specific conformation that 

might be not capable to interact with the specific Aβ40 conformation and block its conversion 

into toxic aggregates. 

The studies presented in this work resulted in a first generation of IAPP-GI-derived peptides 

with different biophysical properties and inhibitory effects on Aβ40 aggregation and toxicity. 

Under these peptides, IAPP(8-18)L3(22-28)-GI was found to have similar properties as 

IAPP-GI and is thus one of the most potent ligands and inhibitors of Aβ40 aggregation and 

toxicity reported so far. In fact, other reported inhibitors are active only at the micromolar 

concentration range and block only partially Aβ40 fibrillogenesis and cytotoxic self-assembly 

[208]. For example, inhibitors containing N-methyl amino acids as in the case of K(N-

Me)LV(N-Me)FF(N-Me)AE, a peptide based on the Aβ core region with three N-methyl amino 

acids, has been shown to inhibit Aβ fibril formation but only when it is added at much higher 

fold excess [108]. Further, a dipeptide without sequence similarity to Aβ40 containing an 

aromatic moiety and a β-sheet breaking element i.e. D-Trp-Aib has been recently also shown 
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to be a potent inhibitor of Aβ fibril formation but also when it is added at much higher fold 

excess [209].  

Detailed studies on the conformation of the individual IAPP-GI analogues alone and in 

complex with Aβ will now be a very important next step towards understanding the 

mechanism of their action. 

 

.
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6 Abbreviations 

α Alpha 

A Absorbance  

Ǻ Angstrom 

Aβ β-amyloid peptide 

Aβ40 β-amyloid peptide (sequence [1-40]) 

Aβ42 β-amyloid peptide (sequence [1-42]) 

ACN Acetonitrile  

Ac
2
O Acetic anhydride  

AD Alzheimer’s Disease 

AFM Atomic force microscopy 

APP Amyloid precursor protein 

β Beta  

BCA Bicinchoninic acid 

BSA Bovine serum albumin 

CD Circular dichroism 

CR Congo red 

CSF Cerebrospinal fluid 

DAC 7-Diethylaminocoumarine-3-carboxylic acid 

DCM Dichlormethane  

DIC Diisopropylcarbodiimide  

DIEA Diisopropylethylamine  

DMF Dimethylformamid  

DMS Dimethysulfide 

DMSO Dimethylsulfoxide 

EDT 1,2-ethandithiol 

EDTA Ethylenediaminetetraacetic acid 

ER Endoplasmic reticulum 

FCS Fetal calf serum 

Fluo 5(6)-Carboxyfluorescein  

Fmoc 9-fluorenylmethoxycarbonyl 

FTIR Fourier transform infrared spectroscopy 

Gdn-HCl Guanidinium-HCl 

h Hour  

HCl Hydrogen chloride 

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol 

HATU 2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate 

HOBt 1-hydroxybenzotriazole 

H2O2 Hydrogen peroxide 

IC50 Half maximal inhibitory concentration 

IAPP Islet amyloid polypeptide (human) 

IAPP-GI Double N-methylated IAPP analog [(N-Me)G24, (N-Me)I26]-IAPP 

IDE Insulin-degrading enzyme 

M Molar  
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MALDI Matrix-assisted laser desorption ionization mass spectrometry 

mg Milligram  

min Minutes  

mM Millimolar  

ml Milliliter  

μg Microgram  

μM Micromolar  

μl Microliter  

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MW Molecular weight 

nm Nanometer  

nM Nanomolar  

NMR Nuclear magnetic resonance 

NSAID's Nonsteroidal anti-inflammatory drugs 

PC-12 Rat pheochromocytoma cell line 

POD Peroxidase  

prg. Program  

QC Quality control 

rIAPP Rat IAPP 

RP-HPLC Reverse phase high performance liquid chromatography 

rt Retention time 

SEM Standard error of mean 

SPPS Solid phase peptide synthesis 

SDS Sodium dodecyl sulfate 

SS-NMR Solid state nuclear magnetic resonance 

TBS Tris buffered saline 

TBTU N,N,N′,N′-Tetramethyl-O-(benzotriazol-1-yl)uronium tetrafluoroborate 

tBu tert-butyl 

TEM Transmission electron microscopy 

TFA Trifluoroacetic acid 

THA Thioanisole 

ThT Thioflavin T 

TIS Triisopropylsilan 

Tris-HCl 2-Amino-2-(hydroxymethyl)-1,3-propanediol hydrochloride 

Trt Trityl 

UV Ultraviolet  
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