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General Introduction.
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1 General introduction

1.1 Amyloid and disease
Misfolding of  proteins from their soluble form into highly insoluble amyloid deposits 
can lead to (non-)neurodegenerative disorders or systemic amyloidosis. This class of  
diseases, for which no therapy is available yet, is called amyloid diseases. Amyloid refers to  
extracellular proteinaceous deposits consisting of  fibrils (Figure 1). Fibrils are oligomers 
of  misfolded proteins or peptide fragments which are characterized by a cross β-sheet 
structure.1-4 Amyloid fibrils, which consist of  the characteristic β-sheet structure, can be 
identified by staining using Congo Red and its birefringence when examined by polarized 
light microscopy, Thioflavine T, or visualized by transmission electron microscopy (TEM) 
and atomic force microscopy (AFM). Until now, over 25 diseases are identified and thought 
to be related to the (extracellular) deposition of  amyloid, of  which some of  them are 
hereditary or occur only sporadic. Well known examples of  amyloid diseases and the involved 
proteins or peptides are Alzheimer’s (Aβ-peptide) and Parkinson’s disease (α-synuclein), 
spongiform encephalopathies (BSE, prion proteins), Huntington’s disease (poly-Gln) and 
type 2 diabetes mellitus or late onset diabetes (amylin).1

Since the discovery of  fibril formation and the link to the pathogenesis of  for example 
Alzheimer’s disease and type 2 diabetes mellitus, extensive studies have been performed to 
elucidate the mechanism of  these diseases and to reveal the secondary and supramolecular 
structure of  amylin- and Aβ-peptides, which are self-assembled into fibrils. It is now known 
that many factors influence the formation of  fibrils. Moreover, it has become clear that 
transient intermediates are responsible for the assembly of  monomers into fibrils. These 
so-called oligomers or protofibrillar intermediates, are thought to be the cytotoxic species. 
In Figure 1, a representation of  a fibrillization process of  natively unfolded peptide into 
aggregated fibrils is shown.

Figure 1. General representation of  fibril formation from natively unfolded monomers into fibrils and 
amyloid plaques. Reprinted with permission of  Wiley-VCH.31
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1.2 Amylin and fibril formation
One prominent disease related to the formation of  extracellular amyloid is type 2 diabetes. 
The western aging population shows a dramatic increase in the number of  diabetic patients. 
According to the World Health Organization, at least 180 million people suffer from 
diabetes and this number increases rapidly to an estimated 360 million in the year 2030.5 
Type 2 diabetes is characterized by the extracellular deposition of  the misfolded human 
Islet Amyloid PolyPeptide (hIAPP or amylin) in the pancreatic islets of  Langerhans and is 
found in 90% of  the diabetic patients. The replacement of  β-cell mass by amyloid plaques 
was already reported by Opie in 1901.6 The major component of  islet amyloid deposits was 
found to be amylin, discovered by Cooper et al. and Westermark and co-workers.7,8 Amylin is 
a 37 amino acid residue peptide hormone. It is known that amylin is co-secreted with insulin 
from pancreatic β-cells after food intake and its biological effects occur primarily through 
meal-stimulated satiation. It functions as a synergistic partner to insulin and contributes to 
glycemic control. 

Misfolding of  amylin and its subsequent deposition into fibrils, has been related to 
type 2 diabetes about 20 years ago, and has been found to play an important role in the 
pathogenesis of  type 2 diabetes.9-13 Human amylin consists of  37 amino acid residues and 
contains a disulfide bridge from Cys-2 to Cys-7 as shown in Figure 2. Interestingly, rat 
amylin, which differs only 6 amino acids from human amylin, does not form fibrils. An 
important difference is the presence of  three proline residues in the amyloidogenic region 
of  amylin (20-29), functioning as β-sheet breaker and presumably prevent folding into 
(anti-)parallel β-sheets and aggregation. Moreover, islet amyloid is absent in rodents who 
develop diabetes.

Figure 2. Amino acid sequences of  human amylin and rat/mouse amylin. (For the one letter code: see list 
of  abbreviations)

For type 2 diabetes, pharmaceutical companies are currently developing drugs that are able 
to stimulate insulin production or restore β-cell mass.14,15 One example, Symlin (pramlintide 
acetate), a drug developed for type 1 and 2 diabetes by the company called Amylin 
Pharmaceuticals, is a synthetic analog of  human amylin and helps to control blood sugar 
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fluctuations and might lead to weight loss. Compared to human amylin three substitutions 
are introduced into the sequence of  Symlin, namely: Ala25Pro, Ser28Pro and Ser29Pro.16a 

As mentioned earlier: the proline residues might function as β-sheet breaker entities. 
Furthermore, a new product named Byetta (exenatide, a 39 amino acid residue peptide) has 
been developed, which shows promising results in stimulation of  insulin production and 
restoration of  β-cell mass in mice.16b

This thesis mainly describes the development of  fibrillization inhibitors of  human amylin 
which is involved in type 2 diabetes. Due to many other approaches to the development 
of  therapeutics to control levels of  glucose via insulin, amylin and glucagon regulation, 
this introduction will focus primarily on the formation of  fibrils of  amylin and its use as a 
template for inhibitor design. Other therapeutic strategies such as antibody therapy, will not 
be discussed in this introduction.14,15 

The results described in chapters 2-6 demonstrated that minor modifications in amyloidogenic 
peptides can lead to self-assembly into a variety of  supramolecular morphologies. Therefore, 
it was decided to use amyloidogenic peptides as a template towards biomaterial design and 
these investigations are described in chapters 4, 8 and 9. For biomaterial design, the core 
recognition motif  of  Aβ was used. Since peptides based on amylin and Aβ were studied, 
this introduction highlights the most important features of  these two peptides. 

1.3 Secondary structure of  amylin
Elucidation of  the secondary and supramolecular structure of  amylin and its oligomers 
is of  significant importance for understanding the mechanism of  disease and to pinpoint 
targets for therapy. The secondary and supramolecular structure which is involved in fibril 
formation has been studied thoroughly for the past few years. Using infrared spectroscopy, 
X-ray fibre diffraction, circular dichroism, electron microscopy and membrane interaction 
studies, much more is known about the structure of  amylin in (non-)aggregated state 
and this has led to a better understanding of  amylin fibrillization process. From NMR-
spectroscopy it is derived that the secondary structure of  rodent amylin is comparable to 
that of  human amylin probably due to the high sequence homology. In addition, NMR-
studies on rat amylin showed that the N-terminal region from amino acids 8 to 20 has a 
high helical propensity. Due to the sequence homology and based on circular dichroism 
experiments it is assumed that human amylin has a similar temporary helical character as 
rodent amylin.17

Starting from an initial random coil conformation, transient α-helices are formed which 
are believed to undergo a structural reorganization into well ordered β-sheets.18,19 During 
this aggregation process, interactions with the membrane are believed to take place. The 
association with the membrane, insertion in the phospholipid membrane bilayer and 
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formation of  pores result in permeation of  the cell wall and ultimately leads to cell death.18,20,21 
Next, the α-helix to β-sheet transition is followed by stacking and oligomerization of  β-
sheets into protofibrils which progress into fibrils and amyloid plaques (see also Figures 3 
and 4). It is now believed that not the fibrils are responsible for cytotoxicity but the smaller 
oligomeric intermediates like protofibrils.4a,22,23 

Figure 3. Left: Diagram of  the proposed β-serpentine fold for human amylin. The model has three β-
strands. Right: Ball-and-stick representation of  the β-serpentine model. The dotted contour around the 
peptide shows close packing in the fibril structure. The backbones of  the β-strands and the loops are in 
purple and blue, respectively. Reprinted with permission of  Elsevier Limited.24a

Figure 4. Left: model of  the protofilament of  human amylin. The N-termini contain disulfide-bonded 
loops and are shown as thin tubes protruding from the core of  the protofilament. Right: Possible model of  
a fibril. Reprinted with permission of  Elsevier Limited.24a
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Based on experimental data, several models of  fibril intermediates and aggregated amylin 
have been proposed to describe their supramolecular structure. Kajava et al. developed a 
model which contains three intramolecular β-sheet strands (Figure 3).24a

These β-sheets are thought to stack on top of  each other, forming protofilaments (Figure 
4, left). Next, these protofilaments are able to intertwine into fibrils (Figure 4, right). 
The diversity in fibril structures and morphology often makes it difficult to assign one 
single supramolecular structure (vide infra). Recently, another peptide conformation and 
supramolecular structure was proposed by the group of  Tycko.25 Making use of  solid state 
NMR-measurements a dominant uniform morphology of  synthetic amylin striated ribbons 
were studied. It was shown that the data did not match with the model of  Kajava et al., 
however, this could be explained by the fact that Kajava’s results are based on a different 
morphology. Furthermore, many structures of  amyloid segments have been elucidated 
using X-ray microcrystallography which revealed steric zippers including the hydrophobic 
core of  amylin, Phe-Gly-Ala-Ile-Leu (FGAIL).26

1.4 Inhibition of  fibril formation
Since the identification of  amylin in extracellular deposits of  β-cells and the correlation 
between type 2 diabetes and amyloid formation, development of  inhibitors of  fibril 
formation and treatment of  amyloid diseases have gained much attention of  researchers. 
These developments have been ongoing for slightly more than a decade now. This area 
was initiated by Soto et al. and Tjernberg et al. who described the development of  soluble 
inhibitors of  fibril formation in the Aβ fibrillization process in Alzheimer’s disease, in which 
the amyloidogenic region was used as a template for inhibitor design.27-29 The short peptide 
sequences Lys-Leu-Val-Phe-Phe (KLVFF) and Leu-Pro-Phe-Phe-Asp (LPFFD) were able 
to bind to native Aβ thereby preventing further formation of  β-sheets and aggregation 
of  peptides into fibrils (Figure 5).28,29 Since these seminal papers of  Soto and Tjernberg, 
this strategy has been a well accepted approach in the design of  inhibitors, also called β-
sheet breaker peptides, of  amyloid fibril formation in general. Meredith and co-workers 
and others have modified the Aβ-peptide backbone by replacing the amide NH of  alternate 
residues with N-methyl-groups or oxygen atoms –to obtain a depsipeptide– in order to 
disrupt the hydrogen bond network, which is formed in a β-sheet assembly (schematically 
depicted in Figure 6).30-32
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Figure 5. In vitro and in vivo studies of  Aβ amyloid have shown that the Aβ molecules (shown in gray) 
interact during fibril formation. This probably involves interaction between one or several binding sequences 
in the Aβ molecules (A). It is therefore reasonable to assume that ligands (shown in black) that can bind to 
these sequences are capable of  arresting further Aβ polymerization (B) and, assuming that Aβ polymerization 
is a dynamic and reversible process, possibly also dissolve Aβ polymers in situ. Picture and legends taken 
from reference 29.

Thus, disruption of  hydrogen bond formation via modification of  amide bonds still allow 
docking of  the inhibitor to stacking β-sheets, but should prevent binding of  a subsequent 
monomer or protofibril, thereby arresting fibril formation (Figure 6).

Figure 6. Schematic representation for the design of  backbone modified fibrillization inhibitors.

Research in the area of  inhibition of  amylin fibrillization was initiated by the identification 
of  amyloidogenic regions in amylin(1-37). Region 20-29 has been found to be the most 
amyloidogenic,32 however, other amyloidogenic regions within the sequence of  amylin have 
been identified recently.33 Proline substitutions in the region 20-29 have been studied by 
Moriarty and Raleigh and showed that a single substitution is able to retard fibril formation 
for months. Substitutions were found to be critical for fibril formation for amino acids 22, 
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24 and 26-28 and it was shown that proline can be used as β-sheet breaker entity, since it 
acts as a turn inducer. In addition, the proline amide lacks the amide NH which will disturb 
the hydrogen bond network as well.
Obviously, interference of  fibril formation by disturbing the hydrogen bond network was 
an approach applicable for the development of  amylin fibrillization inhibitors as well as is 
shown in Figure 7. Over the past few years soluble β-sheet breaker peptides, in which the 
amyloidogenic region 20-29 served as a template for their design, have been synthesized 
and studied. Furthermore, methylation of  amide bonds, which has been demonstrated to 
be successful for the inhibition of  Aβ(16-22) fibril formation, was also successfully applied 
in the development of  amylin fibrillization inhibitors. For example, Kapurniotu and co-
workers described the incorporation of  two methyl groups in amylin(20-29) to inhibit the 
amylin(20-29) fibrillogenesis(Figure 8).34

Figure 7. Most frequently incorporated amide isosteres functioning as β-sheet breaker or to retard fibril 
formation.

Initial studies from our group on this topic showed that amide bond isosteres that could be 
used for this purpose were N-alkylated amino acids, N-alkylated glycine residues (peptoid 
monomers), α-hydroxy acids and proline derivatives for interference with the hydrogen 
bond network (Figure 8).35 More recently, during the research described in this thesis, new β-
sheet breaker peptides have been described which inhibit aggregation of  full length amylin 
into fibrils (Figure 9). New approaches were studied by Gazit and co-workers, using α-
amino isobutyric acid as a replacement for amino acids in the amyloidogenic region. Gilead 
et al. reported on the synthesis of  Aib-Asn-Phe-Aib-Val-His, which was based on the 13-18 
amyloidogenic region of  human amylin and was capable of  inhibition to some extent of  
amylin fibrillization by full length amylin(Figure 9B).36 
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Based on previous research, 34 Yan et al. have described the incorporation of  two methyl 
groups into native full length amylin which was able to inhibit and reverse fibril formation 
of  full length amylin (Figure 9C).37 Recently, Abedini and Raleigh demonstrated that a 
single substitution in the native peptide (Ile26Pro) yielded an efficient inhibitor of  amylin 
fibrillization (Figure 9D).38

Figure 8. Designed and synthesized inhibitors of  amylin (20-29) fibril formation. A: Amylin(20-29) B: N-
methylated inhibitor.34 C: N-butylated glycine or N-norleucine, incorporated to function as a β-sheet breaker 
of  amylin fibrillization.35

Figure 9. Amylin and recently developed inhibitors of  full length amylin fibrillization. A: human amylin. B: 
The inhibitor of  full length amylin by Gilead et al.36 C: The inhibitor as was recently reported by Yan et al.37 
D: The inhibitor described by Abedini et al.38
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Since hydrophobicity and side chain – side chain recognition seems to be important in 
the formation of  fibrils, the role of  amino acid side chains has been investigated (shortly 
reviewed for Aβ by Hamley).4b Thus, Gazit and co-workers have investigated the interactions 
between insulin and amylin, which are both secreted by β-cells in the pancreatic islets. It was 
demonstrated that the sequence Ala-Leu-Tyr-Leu-Val (ALYLV) in the B chain of  insulin was 
able to bind to the 13-17 sequence of  amylin, i.e. Ala-Asn-Phe-Leu-Val (ANFLV), possibly 
via π-π interactions of  tyrosine and phenylalanine. This might imply that insulin and amylin, 
when secreted from β-cells, could form a complex which postpones fibril formation.39 
Although this may be due to sequence homology, a second explanation is stabilization of  
the formed α-helix thereby preventing transition into a β-sheet conformation.  
Although formation of  fibrils is supposed to be sequence dependent, Yan and co-workers 
showed that a designed inhibitor for amylin fibrillization, based on native amylin, is able to 
block fibrillization of  the Aβ-peptide.40 Finally, Kayed et al. showed that there is a common 
structural or conformational motif  present in both soluble low molecular weight oligomers 
of  amyloid peptides which is sequence independent and is recognized by antibodies.41

1.5 Fomation of  supramolecular assemblies
Substitution of  phenylalanine to alanine in the amyloidogenic sequence Asn-Phe-Gly-Ala-
Ile-Leu (NFGAIL) of  amylin, abrogated fibril formation, as was reported by Azril and 
Gazit.33 The self-assembly of  a larger fragment of  amylin was investigated by Tracz et al. 
and they showed that both size and hydrophobicity of  the peptide were able to influence 
the propensity of  fibril formation. This was shown by similar substitutions (Phe15Ala) 
which postponed fibrillization. Thus, hydrophobicity and aromatic interactions were found 
to be crucial in fibril formation.42

Hydrophobic and aromatic interactions were also crucial in self-assembly as was shown by 
Gilead et al. who have reported on the self-assembly of  the dipeptide H-Phe-Phe-OH into 
peptide nanotubes and vesicles, and demonstrated that this small dipeptide can be used for 
the preparation of  peptide nanotubes and casting of  metal nanowires.43,44 The Phe-Phe 
dipeptide, is the core recognition motif  of  the most amyloidogenic region of  the Aβ-
peptide which is involved in Alzheimer’s disease (see section 1.1). The group of  Lynn has 
reported on the remarkable self-assembly into peptide nanotubes at pH 2 of  the Ac-Lys-
Leu-Val-Phe-Phe-Ala-Glu-NH2 (Ac-KLVFFAE-NH2) sequence, which is one of  the most 
extensively studied amyloidogenic peptides. This was the first example of  an amyloidogenic 
peptide sequence that showed self-assembly into supramolecular constructs other than 
fibrils.45,46 The authors have indicated that this kind of  assemblies could be interesting for 
nanotechnology applications. Peptides and proteins are interesting building blocks to use in 
the synthesis of  new bionanomaterials which eventually could find their application in drug 
delivery systems, nano-devices and -electronics and as scaffolds for tissue engineering.47
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Seminal studies on self-assembled cyclic peptide-based supramolecular structures have been 
performed by Ghadiri and co-workers. Cyclic peptides with alternating L- and D-amino 
acids were able to stack into peptide nanotubes via hydrogen bonding (Figure 10).48

Figure 10. Self-assembly of  a designed cyclic peptide based on alternating L- and D-amino acids. Picture 
taken from reference 48. Reprinted with permission of  the Nature Publishing Group.

The term peptide nanotube as coined by Ghadiri is defined as planar rings which self-
assemble by stacking into tube-like structures formed by cyclic peptides (Figure 10). In this 
thesis, however, peptide nanotubes are defined as peptide tapes and ribbons that progress 
into tube-like structures also called peptide tubulets.

Since appearance of  the publications of  Ghadiri and co-workers, numerous papers have 
been published on different types of  designed molecules and accidently found molecules, 
such as small peptides, (peptide-)amphiphiles and urethanes, which can gel a solvent or 
self-assemble into supramolecular structures.49 The field of  bionanomaterial research has 
rapidly expanded and can be divided in several areas such as organo- and hydrogelators,50 
peptide amphiphiles51 and de novo designed β-sheet forming peptides, however, these areas 
will not be discussed in this thesis and the reader is referred to the reviews by for example 
Zhang and other researchers.52

Inspired by the results from chapters 2-6, in chapters 8 and 9 the use of  the Aβ(16-22) 
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peptide as a template in the synthesis of  a triangular peptide construct is described. This 
molecule was designed for self-assembly into triangular shaped tubes or viral-like spheres. 
Examples of  self-assembly of  such triangular shaped molecules have been described in the 
literature.53-56 Dory and co-workers53 investigated the self-assembly, ring-size and rigidity of  
cyclic lactams. It was found that an alkene moiety was neccesary to prevent β-turns to be 
formed. These triangular shaped cyclic lactams are able to self-assemble into triangular shaped 
nanotubes, as determined by X-ray diffraction, and then in anisotropic crystalline material.53 
Another example of  self-assembly by molecules other than peptides was communicated by 
the group of  Han who showed that self-assembly into DNA triangles can be accomplished 
by DNA base pairing as a recognition motif, combined with a bis(terpyridine)Fe(II) complex 
as junction (Figure 11).54

Figure 11. Self-assembly of  designed (cyclic) peptides established via β-sheet formation and DNA base 
pairing to form triangular constructs or nanospheres.

The group of  Kimizuka55 designed and synthesized a C3-symmetric conjungate bearing 
three β-sheet forming peptides Phe-Lys-Phe-Glu-Phe-Lys-Phe-Glu (FKFEFKFE) which 
is able to self-assemble into viral-sized nanospheres. In water, spontaneous formation of  
anti-parallel β-sheets was found, resulting in self-assemby into supramolecular peptide-
nanospheres.55 In addition, the research of  the group of  Kimura is of  importance for the 
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design of  peptides described in Chapter 8. Kimura and co-workers synthesized a peptide 
triangle in which every single side consisted of  a helical peptide and the junctions were 
formed by pyrene derivatives.56 Unfortunately, this peptide triangle was not studied for its 
self-assembly properties, instead, geometric and conformational properties were investigated 
by computational methods.56 These studies indicated that the designed molecules should be 
able to self-organize into designed supramolecular morphologies.

Until now several groups have reported on the preparation of  biomaterials by self-assembly. 
However, these studies were usually based on de novo designed peptides and molecules. Due 
to the fact that amyloidogenic peptides have an intrinsic tendency to self-assemble into β-
sheets and large supramolecular structures –sometimes up to several micrometers– these 
peptides may be interesting scaffolds for the design and synthesis of  new bionanomaterials, 
which can be obtained by self-assembly.

1.6 Aims of  this thesis
The development of  new strategies for treatment of  amyloid diseases such as Alzheimer’s 
disease and type 2 diabetes has gained considerable attention in the past recent years. 
The formation of  amyloid plays an important role in the development of  these diseases, 
making it an interesting target for treatment purposes and for further development of  new 
methodology to interfere with or reverse the fibril formation process. Recently, there has 
been considarable attention for the development of  aggregation inhibitors, especially for 
the Aβ-peptide.31 On the other hand, the number of  inhibitors for amylin fibrillization is 
still limited. Therefore, it is useful to explore new methodologies to interfere with amylin 
fibril formation.
The aim of  this research was to develop soluble β-sheet breaker peptides that interfere with 
fibril formation of  human amylin. Newly designed and synthesized backbone modified 
amylin peptides might be able to prevent further aggregation once a β-sheet has already 
formed, or reverse fibril formation by destabilizing the β-sheet by interfering with the 
hydogen bond network. This thesis is divided into two parts. The first part (chapters 2-
7) deals with the development of  backbone modified amylin derivatives as potential β-
sheet breaker peptides in which the core recognition motif  amylin(20-29) has been used 
as a template. The second part (chapters 8-9), describes the results in which the Aβ(16-
22) peptide sequence has been used to control the supramolecular morphology of  self-
assembled bionanomaterials by variation of  pH. 
Previous studies35 have shown that an inhibitor with a single amide bond modification 
in amylin(20-29) retards fibril formation of  amylin(20-29), however, such inhibitors are 
not able to inhibit fibril formation of  full length amylin or capable of  disassembly of  
fibrils. Kapurniotu and co-workers34 have shown that multiple modifications of  the peptide 
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backbone enhance the inhibitor potency. Therefore, this thesis starts with the design and 
synthesis of  a series amylin(20-29) derivatives in which three alternate modified amide 
bonds are thought to interfere with the hydrogen bond pattern formed during β-sheet 
formation.
In Chapter 2 the design, synthesis and evaluation of  new soluble β-sheet breaker peptides of  
amylin (20-29) is described. The newly designed β-sheet breaker peptides were synthesized 
on the solid support. For the synthesis of  different amide bond mimics on the solid support 
i.e. N-butyl glycine residues, N-butyl amino acids and ester bond containing mimics, some 
of  the required dipeptide building blocks had to be synthesized in solution first. Evaluation 
of  the β-sheet breaker peptides for their β-sheet breaker potency was performed using 
turbidity experiments. The secondary structures of  the compounds were studied using 
infrared spectroscopy, circular dichroism and electron microscopy. Surprisingly, it was 
found that two of  the ‘inhibitors’ self-assembled into large supramolecular structures.
Next, the incorporation of  peptoid building blocks was further investigated and therefore, 
amylin (20-29) was transformed into the corresponding peptoid and retropeptoid which 
is described in Chapter 3. The synthesis of  these amylin derived peptoids is described 
as well as their evaluation as potent β-sheet breaker peptides using turbidity experiments. 
Furthermore, the secondary and supramolecular structures of  these peptides have been 
studied using infrared spectroscopy, circular dichroism and electron microscopy.
In previous studies it was shown that a sulfonamide moiety is able to disturb an α-helical 
secondary structure58 It was hypothesized that if  a sulfonamide moiety could be incorporated 
in a β-sheet forming peptide for a similar disruptive effect on the secondary structure might 
be achieved. The incorporation of  a sulfonamide moiety in amylin (20-29) is discussed in 
Chapter 4. In addition, chemoselective alkylation of  the sulfonamide NH featuring the 
Mitsunobu reaction, is described. A structure activity relationship study was performed 
and although these peptides were designed as β-sheet breaker peptides, a wide range of  
supramolecular morphologies were observed. Chapter 5 briefly covers the introduction 
of  an aminooxy moiety in the peptide backbone of  amylin(20-29), which was inspired 
by the results found in chapter 4. In addition, alkylation of  this aminooxy moiety, using 
the Mitsunobu reaction, is presented. Fibril formation of  these aminooxy derivatives was 
studied using electron microscopy and infrared spectroscopy.
Since it was found that modified amylin(20-29) derivatives are able to self-assemble into several 
supramolecular morphologies it was decided to investigate the self-assembly properties of  
the L-depsipeptide and its enantiomer. Both peptides were synthesized and their properties 
are discussed in more detail in Chapter 6. In this chapter, the chiral supramolecular 
assemblies formed by these two enantiomeric depsipeptides, and structural studies by 
circular dichroism, infrared spectroscopy and electron microscopy are described. 
Understanding the mechanism of  amyloid formation is crucial for the development of  
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new strategies to prevent or postpone this aggregation process. In literature59 there are 
indications that (de-)protonation of  histidine residue 18 is important in fibril formation of  
full length amylin. In Chapter 7 the subtle role of  histidine in aggregation of  full length 
amylin as function of  pH, studied by NMR-spectroscopy, is described. Single mutation-
derivatives of  amylin (1-37) have been designed and synthesized to investigate the role of  
histidine and the influence of  these mutations with respect to the rate of  amyloid formation 
as function of  pH. Using calcein filled Large Unilamellar Vesicles (LUVs) the membrane 
permeability caused by these peptides has also been investigated. Furthermore, studies on 
the secondary structure using infrared-spectroscopy and circular dichroism and monolayer 
experiments, are described.
Inspired by the self-assembly properties of  peptides into supramolecular assemblies as 
described in chapter 2, 3 and 4, the second part of  this thesis focuses on the exploitation 
of  amyloid peptides to be used as a template for the design and synthesis of  self-assembled 
bionanomaterials. In Chapter 8, synthetic efforts are described to obtain a triangular 
shaped peptide construct, using amyloidogenic Aβ(16-22), which is the core recognition 
motif  of  Aβ(1-40/42), as template. Implications are given for the development of  amyloid 
based bionanomaterials. Self-assembly properties of  a set of  N-terminally modified Aβ-
peptides have been studied using electron microscopy, infrared spectroscopy and X-ray 
fibre diffraction as function of  pH. In Chapter 9 another approach to the development of  
a triangular shaped peptide construct, is described. For this purpose, amyloidogenic Aβ(16-
22) was used as a template as well, however, in this case the peptide has been converted 
into its azide-alkyne congener. Next, covalent assembly of  the peptide triangle has been 
attempted via the Huisgen 1,3 dipolar cycloaddition reaction or “click reaction”. The 
peptide sequence azido-Lys-Leu-Val-Phe-Phe-Ala-Glu-propargyl amide was polymerized 
and the cyclic reaction products that were obtained were studied using electron microscopy, 
infrared spectroscopy and circular dichroism.
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Chapter 2

Self-assembly of  amylin(20-29) amide-bond derivatives into 
helical ribbons and peptide nanotubes rather than fibrils.

This chapter has been published as: Elgersma, R. C.; Meijneke, T.; Posthuma, G.; Rijkers, D. T. S.; 
Liskamp, R. M. J. Self-assembly of  amylin(20-29) amide-bond derivatives into helical ribbons and peptide 
nanotubes rather than fibrils. Chemistry--A European Journal 2006, 12(14), 3714-3725. 
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Introduction
Uncontrolled peptide/protein aggregation leading to precipitation of  proteins is a major 
cause of  a number of  diseases1 for which there is no therapy available as yet. The most well-
known diseases are Alzheimer’s disease,2 Parkinson’s disease,3 transmissible spongiform 
encephalopathies (scrapie, BSE and Creutzfeldt-Jakob disease)4 and diabetes type II.5 The 
latter is characterized by deposits of  islet amyloid polypeptide (IAPP, or amylin) in the 
form of  amylin fibrils which are present in the pancreatic islets. Since peptide−peptide-, 
peptide−protein- and protein−protein interactions are ubiquitous, it is fair to expect that in 
the future diseases will be uncovered, where protein aggregation is a (co)causative factor, 
especially, when locally high peptide/protein concentrations favor possible intermolecular 
aggregation as is the case for example with insulin.6 Insights into the mechanism of  
aggregation by structure-aggregation-activity studies, not only might shed more light on the 
structural parameters, which play key roles in these processes, but also lead to compounds 
capable of  interfering with aggregation.7-9

In order to interfere with amyloid formation by inhibition of  β-sheet assembly, small 
molecules including small peptides and peptidomimetics are naturally preferred as possible 
future drugs for inhibition of  fibril growth or resolubilizing fibrils in aggregation diseases 
and considerable activity is currently taken place in this area.7-9 Although we have shown that 
a mutation of  a single amide bond, into the corresponding ester, peptoid or N-butylated 
amino acid residue, at position 28 of  hIAPP(20-29)10 was able to inhibit its amyloid 
formation,10a these modified hIAPP(20-29) derivatives, however, were not able to inhibit/
retard fibril formation of  full length amylin (37 residues)11,12 or to resolubilize preformed 
amylin fibrils.10b However, amide bond modification at alternate positions has been used 
successfully by Meredith et al. with Aβ(16-22) peptides13 in order to obtain aggregation 
inhibitors. Therefore, we have designed amylin(20-29) derivatives in which the amide bonds 
at position 24, 26 and 28 have been modified by N-butylation or by incorporation of  
peptoid- or ester bond moieties. Thus, at crucial positions the amide bond NH hydrogen 
bond donors are no longer present and bulky substituents on the nitrogen atom have 
been introduced. Alternatively, NH hydrogen donors were replaced by oxygen atoms by 
preparation of  suitable depsipeptides. These newly designed amylin derivatives did not 
form amyloid fibrils, but surprisingly gave rise to the formation by self-assembly of  helical 
ribbons and peptide nanotubes.
In general, these and other backbone modifications assume a central position in our 
research program.14 Backbone modifications are both very important and highly interesting 
because the peptide side chains are maintained for molecular recognition, while changes in 
the geometrical constraints (φ, ψ and ω dihedral angles, absence or presence of  hydrogen 
bond donors/acceptors) are crucial for the resulting supramolecular assembly. It will be 
the balance between these two structural moieties -side chains vs backbone- in peptides 
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and peptidomimetics which will determine the outcome with respect to biological activity 
and/or material properties.
There are many examples of  controlled and desired protein aggregation mechanisms in 
living organisms. These, but especially those involved in protein aggregation mechanisms 
of  certain diseases, leading to typical morphological changes may have a significant impact 
on research on bionanomaterials,15 in which special shapes and assemblies are in the focus 
of  interest. The described amylin derivatives open up promising possibilities to further 
study the process of  aggregation as well as to carry out structure-activity-relation studies in 
order to design bionanomaterials based on self-assembly of  amyloid-derived peptides.

Results and discussion
Rationale for design: Amyloid fibrils ultimately result from the assembly of  antiparallel oriented 
peptides in which amide bonds of  the peptide backbone can form an ideal hydrogen 
bonding network (Figure 1).16 In general, the formation of  (anti)parallel β-pleated sheets is 
responsible for a decreased solubility of  many proteins. However, using a simple model as 
a basis for preventing or at least interfering with this hydrogen bond formation (Figure 1) 
we and others, have shown that specifically designed peptides are capable delaying and/or 
inhibiting β-sheet formation and thus fibril formation (Figure 1).9,10a

Figure 1. Rationale for design of  β-sheet breaker peptide based on the amylin(20-29) sequence.

In principle such peptides, denoted as β-sheet breaker peptides, could be used as a new 
approach for therapeutic intervention of  amyloid formation. Along these lines we found 
that a single amino acid substitution of  the amylin(20-29) 6 sequence: Ser28→NNle was 
responsible for complete inhibition of  fibril formation but also delayed fibril formation 
of  native amylin(20-29).10a However, preformed fibrils of  native amylin(20-29) or full 
length amylin did not redissolve in the presence of  amylin(20-29)Ser28→NNle. This was 
in contrast to results described in the literature with N-methylated Aβ(16-22) and Aβ(1-
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40).13 Therefore, the successful approach of  Meredith et al., in which a peptide backbone 
was modified at three alternate amide bonds to obtain a potent anti-amyloidogenic peptide 
to redissolve preformed Aβ(1-40) fibrils,13 was applied to our amyloid peptide model 
amylin(20-29). At three alternate positions17 (Figure 1) the amide bond was replaced by 
ester moieties (depsipeptide) or N-butylated amino acid residues or by N-butylated glycine 
residues (peptoids) by preparation of  hIAPP(20-29) 6 and derivatives 7 – 12 (Figure 2). In 
case of  the peptide-peptoid hybrids 9, 11 and 12, also the influence of  the α-amino acid side 
chains on the amyloidogenic character of  the peptide was investigated.

Figure 2. Structures of  the amylin(20-29) derivatives synthesized in this study.
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Synthesis of  the peptides: Unfortunately, direct solid phase synthesis of  the depsipeptide 7 and 
the N-butylated peptide 8 gave unsatisfactory results.10b It was thought that introduction of  
the complete building blocks comprising the depsipeptide moiety and the peptoid moiety 
i.e. Fmoc-Ala-Ilec-OH (2) and Fmoc-Ala-(NBu)Ile-OH (5), respectively, would be more 
successful.
For the synthesis of  Fmoc-Ala-Ilec-OH (2), first the L-α-hydroxy acid equivalent of  L-
isoleucine was synthesized by diazotization of  the amino acid according to Shin et al.,18 

followed by an esterification with allylbromide and α-hydroxy acid allyl ester 1 was obtained 
in 61% overall yield. To this, Fmoc-Ala-OH was coupled with DCC/DMAP in 68% yield18c 
and the allyl ester was removed with Pd(Ph3P)4 and phenylsilane as a scavenger19 to give the 
Fmoc-protected dipeptide acid 2 with 71% yield.

Scheme 1. Synthesis of  depsi-dipeptide Fmoc-Ala-Ilec-OH (2) and N-butylated dipeptide Fmoc-Ala-
N(Bu)Ile-OH (5).
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For N-butylation of  isoleucine the corresponding benzyl ester (65% yield) was synthesized 
followed by introduction of  the sulfonamide moiety with p-nitrobenzenesulfonyl chloride 
and TEA as base to give 3 in 66% yield. After a Mitsunobu reaction20 with 1-butanol/PPh3/
DIAD in THF with a nearly quantitative yield21 and removal of  the p-nitrobenzenesulfonyl 
moiety by thiophenolate, the secondary amine 4 was obtained in 67% yield. Next, coupling 
of  Fmoc-Ala-OH to H-N(Bu)-Ile-OBzl was very difficult due to severe sterical hindrance. 
Coupling reagents EDCI/HOAt,22 HATU/HOAt/TEA23 and neat sym-collidine/HATU,24 
did not give the desired dipeptide. However, the use of  triphosgene (BTC) as described by 
Falb et al.25 via the in situ acid chloride, gave -after hydrogenolysis- the required Fmoc-Ala-
(NBu)Ile-OH building block 5 in 35% (over two steps). 
Peptides 6 and 10 were synthesized automatically using Fmoc/tBu solid phase peptide 
synthesis protocols.26 Peptide-peptoids hybrids 9, 11 and 12 were assembled on the solid 
phase as described by Kruijtzer et al.27

Scheme 2. Solid phase synthesis of  depsipeptide 7.
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The synthesis of  depsipeptide 7 is depicted in Scheme 2. After treatment of  Fmoc-Ser(tBu)-
NH-Rink amide ArgoGel with piperidine to remove the Fmoc group, O-trityl-glycolic acid 
was coupled with BOP/DIPEA in NMP. This coupling was complete after 2h according to 
the Kaiser test28 and the trityl group was removed by diluted TFA. The resulting free hydroxy 
group was coupled to Fmoc-Leu-OH with DIC/HOBt/DMAP in NMP29 and the coupling 
yield (76%) was determined by an Fmoc determination.30 Next, Fmoc group removal was 
effected with piperidine and dipeptide building block 2 was introduced with HATU/
HOAt/DIPEA.23 After deprotection, O-trityl glycolic acid was coupled. Finally, removal of  
the trityl group was followed by attachment of  Fmoc-Phe-OH via a carbodiimide-mediated 
coupling18 in 74% yield. Three additional deprotection/coupling cycles completed the solid 
phase synthesis and after cleavage and simultaneous deprotection with TFA, depsipeptide 
7 was obtained in overall yield of  33%.

Scheme 3. Solid phase synthesis of  N-butylated peptide 8.
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Synthesis of  the N-butylated Gly24, Ile26, Ser28 peptide 8 started by the preparation of  
Fmoc-Ser(tBu)-Ser(tBu)-Rink amide ArgoGel resin. After switching the Fmoc group to an 
oNBS group, the resulting sulfonamide NH could be subjected to a Mitsunobu reaction in a 
site specific N-alkylation method.31 This reaction was monitored by the bromophenol blue 
test (BPB).32 Then, the oNBS group was removed by treatment with β-mercaptoethanol in 
the presence of  DBU as base. The resulting secondary amine was treated with Fmoc-Leu-
OH/BTC in sym-collidine/dioxane as described by Falb et al.25 with modifications described 
by Jung.33 The coupling efficiency (70%) was calculated from an Fmoc determination.30 
After Fmoc removal, dipeptide 5 was coupled with HATU/HOAt as coupling reagent 
in the presence of  DIPEA as base in NMP. Five additional deprotection/coupling cycles 
completed the solid phase synthesis and after cleavage and simultaneous deprotection 
peptide-peptoid hybrid 8 was obtained in overall yield of  31%.

Table 1. Sequences of  the amylin derivatives synthesized in this study.

Amyloid fibril formation: Native amylin(20-29) 6 (10 mg/mL) was dissolved in 0.1% TFA/
H2O and led to rapid gel formation. The presence of  amyloid fibrils was verified by 
transmission electron microscopy (TEM) (see page 70, Figure 4A, compound 1)11,12 and 
β-sheet formation was confirmed by the amide I absorption at ca 1630 cm-1 in the Fourier 
transform infrared spectrum (FTIR) (Table 2), which was in agreement with literature data 
and our earlier experiments.10a,13

The influence of  substitution of  three alternate amide bonds by ester moieties on amyloid 
fibril formation was studied with depsipeptide 7. A solution of  this peptide also formed 
a gel which was rather unexpected since we previously found that a single amide bond 
replacement (on position 28) significantly postponed gel formation as compared to 6.10a 

Peptide sequence Mass [M + H]+ Rt 

 found (calcd.) min 

H-Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Ser-Ser-NH2 (6) 1008.65 (1008.50) 17.15 

H-Ser-Asn-Asn-Phe-Glyc-Ala-Ilec-Leu-Glyc-Ser-NH2 (7) 981.65 (981.45) 18.65 

H-Ser-Asn-Asn-Phe-NNle-Ala-(NBu)Ile-Leu-(NBu)Ser-Ser-NH2 (8) 1176.90 (1176.70) 21.40 

H-Ser-Asn-Asn-Phe-NNle-Ala-NNle-Leu-NNle-Ser-NH2 (9) 1090.85 (1090.63) 20.12 

H-Ser-Asn-Asn-Phe-Gly-Ala-Gly-Leu-Gly-Ser-NH2 (10) 922.60 (922.44) 15.77 

H-Ser-Asn-Asn-Phe-NNle-Ala-Ile-Leu-NNle-Ser-NH2 (11) 1090.80 (1090.27) 19.72 

H-Phe-NNle-Ala-Ile-Leu-NNle-Ser-NH2 (12) 688.85 (687.91) 22.48 

H-Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Gly-Ser-NH2 (13) Ref 10a n.d. 

H-Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Glyc-Ser-NH2 (14) Ref 10a n.d. 

H-Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Pro-Ser-NH2 (15) Ref 10a n.d. 

H-Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-NNle-Ser-NH2 (16) Ref 10a n.d. 
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However, typical amyloid fibrils were not observed by TEM, which was confirmed by 
FTIR since the absorption at 1625-1630 cm-1, typical for β-sheets, was absent.34 Instead 
of  amyloid fibrils, large helical ribbons35 and even so tube-like supramolecular structures36 
were observed (Figure 3).

Figure 3. TEM picture of  amylin(20-29) derivative 7. Scale bar: 1 μm. Arrow a: single strand; arrow b: two 
strands starting to intertwine; arrow c: helical ribbon; arrow d: (closed) peptide tube; arrows e and f: two 
helical tapes with a pitch of  500 and 330 nm, respectively.

Figure 4. TEM pictures of  amylin(20-29) derivative 8. Scale bar: 2 μm (A and B), 0.5 μm (C). A: The arrows 
point at filaments of  which a ribbon consists; B: an almost closed peptide tube; C: enlargement of  the 
joining of  five to seven filaments to a peptide nanotube.
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Although never described for nor studied on depsipeptides, this morphology of  helical 
ribbons has been observed before35 as intermediate nanostructures in the self-assembly of  
amyloid-like fibrils37 or as final-stage folding assemblies.38

As expected, peptide 8 with three N-butylated amino acid residues formed a clear solution 
in 0.1% TFA/H2O and gel formation did not occur. The N-alkylated peptide 8 was designed 
as a water soluble β-sheet mimic to disrupt any β-sheet formation according to the model in 
Figure 1. Fibril formation, as judged by TEM and FTIR, was completely absent. Surprisingly, 
despite the absence of  any visible gel formation, also in this case helical ribbons were 
observed by TEM (Figure 4), similar to those formed by depsipeptide 7.
Similarily, peptide-peptoid hybrid 9 rapidly dissolved in 0.1% TFA/H2O and here too, gel 
formation was absent. In addition, no amyloid-like fibrils could be detected by either TEM 
or FTIR. In contrast to depsipeptide 7 and N-alkylated peptide hybrid 8, however, this 
amylin derivative did not assemble into helical supramolecular structures. In order to obtain 
some insight into the molecular basis of  this behavior, peptide 10 was prepared in which 
Ile26 and Ser28 were replaced by a glycine residue. This derivative might shed some light on 
the role of  the side chain and/or amide in the formation supramolecular assemblies. It was 
found earlier that replacement of  Ser28 by glycine as in peptide 13 (Table 2) did not affect 
fibril formation.10a However, now the additional replacement of  Ile26 by glycine completely 
abrogated fibril formation. Apparently, side chain to side chain interactions also play an 
important role in formation of  amyloid-like fibrils (6 vs 9 and 10) or other self-assembled 
structures (7 and 8).39 

Table 2. Physico-chemical properties of  the amylin derivatives.

Peptide Gelation Fibrils Morphology FTIR (cm-1) 

6 yes: <10 min, turbid yes length: ∞, width: 10 nm 1631 (s), 1670 (m) 

7 yes: <10 min, turbid no helical tapes 

l: 7.4 μm; w: 170 nm 

1665 (s), 1642 (m), 
1740 (w) 

8 no: clear solution no helical tapes 

l: 1.5 μm; w: 250 nm 

1673 (s), 1637 (m) 

9 no: clear solution no - 1669 (s) 

10 no: clear solution no - 1664 (s) 

11 no: clear solution no - 1677 (s), 1642 (m) 

12 no: clear solution no - 1678 (s) 

13 yes: <10 min, turbid yes length: ∞, width: 10 nm 1629 (s) 
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Inhibition of  aggregation behavior: The aggregation behavior of  native amylin(20-29) 6 was 
monitored in the presence or absence of  a potential inhibitory sequence. A stock solution 
of  6 was diluted in phosphate buffer of  pH 7.4 and the increase of  turbidity was monitored 
at 400 nm as is shown in Figure 5. Peptide 6 instantly increased the turbidity of  the solution 
and after 30 min a plateau was reached. In the presence of  an equal amount (w/w) of  
depsipeptide 7, a small lag phase was observed and reaching the plateau was postponed to 
60 min (Figure 5A, top frame). This plateau was also approximately 20% lower than in the 
absence of  7. In case of  the trialkylated peptide 8, a lag phase was absent and a plateau was 
now reached after 45 min and slightly lower (10%) than the plateau reached by 6. Peptides 
7 and 8 did not increase the turbidity of  the solution by themselves (data not shown), but 
they were not able to inhibit fibril formation of  amylin(20-29) (vide supra). This may be 
the result of  their tendency to form other supramolecular assemblies i.e. helical ribbons. As 
expected, the peptoid-peptide hybrid 9 inhibited fibril formation of  6 by almost 85%. These 
results were confirmed by electron microscopy of  the amylin(20-29)/inhibitor mixtures. In 
an aged (2 weeks) mixture of  peptide 6 and 7 or 8, fibrils were observed. In contrast, in a 
mixture of  6 and peptoid-peptide hybrid 9 fibrils remained absent (data not shown).

Our previously synthesized β-sheet breaker peptides based on amylin(20-29)10a in which the 
serine residue at position 28 was replaced by either glycolic acid (Glyc), proline (Pro) or N-
butyl glycine (NNle) were also evaluated in this assay. As was described earlier, replacement 
of  Ser28→Glyc in amylin(20-29) (14, Table 1) did not prevent fibril formation completely. 
This peptide did also not inhibit fibril formation of  6 in this turbidity assay (Figure 5B, 
lower frame). However, amylin(20-29) derivatives Ser28→Pro 15 and Ser28→NNle 16, 
significantly inhibited fibril formation of  6 since both mutations were responsible for the 
absence of  any fibril formation in this assay. These observations were also confirmed by 
electron microscopy and no fibrils were observed when amylin(20-29) Ser28→Pro 15 or 
Ser28→NNle 16 were mixed with native amylin(20-29) (data not shown).
All β-sheet breaker peptides based on amylin(20-29) were not able to inhibit fibril formation 
of  full length amylin (1-37) and also preformed fibrils were unaffected by the addition of  
peptide derivatives, 7 – 9, 11 and 12. Apparently, the highly amyloidogenic (20-29) sequence is 
not optimal for efficient molecular recognition of  amylin(1-37) fibrils, as recently described 
by Gazit et al.40 since they found that amino acid residues at the N-terminus are important 
for binding toward full length amylin.
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Figure 5. Aggregation curves. Top frame (A): ■: 6 (10 mg/mL), □: 6 + 8 (10 mg/mL), ○: 6 + 7 (10 mg/mL), 
●: 6 + 9 (10 mg/mL). Lower frame (B): ■: 6 (10 mg/mL), □: 6 + 14 (10 mg/mL), ○: 6 + 15 (10 mg/mL), ●: 
6 + 16 (10 mg/mL).

Self-assembled ribbons and peptide nanotubes: Although peptides 7 and 8 were designed as β-sheet 
breaker peptides for the disruption of  the characteristic hydrogen bond pattern (Figure 2), 
they form self-assembled structures, giving rise to helical ribbons and peptide nanotubes. 
Several examples of  self-assembly into helical ribbons/peptide nanotubes by designed 
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β-sheet model peptides are described in the literature. However, according to FTIR-data 
(vide supra) and CD-spectroscopy (Figure 6) depsipeptide 7 and N-alkylated peptide 8 do 
not form β-sheets. Therefore, in our case, aggregation other than that responsible for the 
formation of  β-sheets must be now responsible for the formation of  helical ribbons and 
peptide nanotubes. The increased hydrophobicity of  peptides 7 and 8 might be a driving 
force of  the self-assembly into the observed helical ribbons.
Replacement of  a backbone amide into an ester moiety (depsipeptide 7) eliminated the 
hydrogen bond donor (NH) and resulted in a weaker hydrogen bond acceptor (ester 
carbonyl).41 However, the backbone conformation in depsipeptides, in terms of  φ and ψ 
dihydral angles, remained virtually unaffected and the trans ester conformation as is the case 
in native amide bonds was still strongly preferred.41 Possibly, as a result of  this amide to 
ester substitution, 7 did not aggregate into fibrils involving a hydrogen bond pattern but 
formed (anti)parallel β-sheet like tapes which on their turn self-assembled into helical ribbons 
due to the intrinsic chirality of  the depsipeptide.
N-alkylation of  three amide bonds in 8 or 9 also removed three NH hydrogen bond donors. 
In contrast, the resulting tertiary amides significantly influenced the conformation of  the 
backbone, since for example turns can be introduced by proline, N-alkyl amino acid and 
N-alkyl glycine (peptoid) moieties and ciscoid conformation involving tertiary amide bonds 
are more preferred. Incorporation of  these building blocks is a well accepted approach to 
design β-sheet breaker peptides.9,10a,13,16 As was confirmed by FTIR both peptides 8 and 
9 did not form β-sheet aggregated fibers since the 1625-1633 cm-1 peak is absent. The 
absence of  β-sheets was also confirmed by CD-spectroscopy (Figure 6). 

Figure 6. CD spectra of  the amylin(20-29) derivatives.
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However, here too, the increased hydrophobicity of  peptide 8 might be responsible for 
the formation of  the supramolecular assemblies as is shown in Figure 4. Absence of  any 
supramolecular structures formed by peptide-peptoid hybrid 9 could be explained by the 
increased flexibility of  these hybrids, as compared to tris-alkylated peptide 8, because the side 
chains on the α-carbon atoms in two amino acid residues are absent. This is corroborated 
by the observation that signals in 1H NMR spectra occurred as doublets and broadening 
of  HPLC elution profiles in the presence of  peptoid moieties in the peptide backbone was 
observed. Additionally, the absence of  any secondary structure was confirmed by CD-
spectroscopy (Figure 6).

Morphology: In Figure 3 different folding stages of  depsipeptide 7 can be observed. Arrow 
(a) points to a single strand and at the position (b) two strands intertwine to a helical 
ribbon at position (c). Ultimately, this self-assembly leads to the formations of  a (closed) 
peptide tube at arrow (d). Arrows (e) and (f) point to two helical tapes with a different 
pitch (500 and 330 nm, respectively). A ribbon consists of  several filaments (arrows) as 
is clearly shown in Figure 4A. Figure 4B shows an almost closed peptide tube and figure 
4C is an enlargement of  the joining of  five to seven filaments to a peptide nanotube. The 
ability to form (almost) closed peptide tubes may be explored as insulation or as versatile 
precursors for nanowires.36b,e,h Alternatively, these tubes might lead to the formation of  
nanochannels. Multi-layered peptides42 may even provide adequate insulation to develop 
neuron-mimics. Furthermore, nanochannels, -tubes or -devices may be useful for drug 
delivery purposes.15a,b

Conclusions
We have found that by modifying the peptide amide linkage it is possible to dramatically 
alter the aggregation behavior of  a peptide causing fibril formation involving β-sheets. 
Synthetically challenging depsipeptides, N-alkylated peptides -both categories are not 
generally accessible as yet- as well as peptoid-peptide hybrids were designed and synthesized. 
Their behavior with respect to the formation of  special supramolecular assemblies i.e. 
helical ribbons and peptide nanotubes was quite unexpected and cannot be rationalized by 
assuming the formation of  the common hydrogen bonding pattern of  β-sheets. Also subtle 
side chain to side chain interactions were found to play a decisive role in the formation of  
either fibrils or helical ribbons. The self-assembly of  these modified amylin derivatives, 
other than amyloid fibrils, make them of  high value for the design of  peptide-based 
nanomaterials.
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Experimental Section

Instruments and methods. The peptides were synthesized on an Applied Biosystems 433A Peptide 
Synthesizer. Analytical HPLC runs were carried out on a Shimadzu HPLC system and preparative 
HPLC runs were performed on a Gilson HPLC workstation. Liquid chromatography electrospray 
ionization mass spectrometry was measured on a Shimadzu LCMS-QP8000 single quadrupole 
bench-top mass spectrometer operating in a positive ionization mode. Electron microscopy was 
performed on a Jeol 1200 EX Transmission Electron Microscope. Fourier transform infrared 
spectra were measured on a BioRad FTS 6000 spectrophotometer. Circular dichroism spectra were 
measured on a OLIS RSM 1000 CD Spectrometer. 1H NMR spectra were recorded on a Varian 
G-300 (300 MHz) spectrometer and chemical shifts are given in ppm (δ) relative to TMS. 13C NMR 
spectra were recorded on a Varian G-300 (75.5 MHz) spectrometer and chemical shifts are given in 
ppm relative to CDCl3 (77.0 ppm). The 13C NMR spectra were recorded using the attached proton 
test (APT) sequence. Rf  values were determined by thin layer chromatography (TLC) on Merck 
precoated silicagel 60F254 plates. Spots were visualized by UV-quenching, ninhydrin or Cl2/TDM.43 
Melting points were measured on a Büchi Schmelzpunktbestimmungsapparat (according to dr. 
Tottoli) and are uncorrected. Elemental analyses were done by Kolbe Mikroanalytisches Labor 
(Mülheim an der Ruhr, Germany).

Chemicals and reagents. ArgoGel Rink Amide Fmoc resin functionalized with a 4-((2’,4’-dimetho
xyphenyl)aminomethyl)phenoxyacetamido moiety (Rink amide linker)44 was used in all the syntheses. 
The coupling reagents 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 
(HBTU)45 and benzotriazol-1-yl-oxy-tris-(dimethylamino)phosphonium hexafluorophosphate 
(BOP)46 were obtained from Biosolve. N-[(dimethylamino)-1H-1,2,3-triazole[4,5-b]pyridin-1-yl-
methylene]-N-methylmethanaminium hexafluorophosphate N-oxide (HATU)23 and 1-hydroxy-
7-azabenzotriazole (HOAt)23 were obtained from Applied Biosystems. N-hydroxybenzotriazole 
(HOBt) was from Advanced ChemTech and Nα-9-fluorenylmethyloxycarbonyl (Fmoc) amino acids 
were obtained from MultiSynTech. The side chain protecting groups were chosen as: tBu: tert-butyl, 
for serine and Trt: trityl, for asparagine. Peptide grade dichloromethane (DCM), 1,2-dichloroethane 
(DCE), tert-butyl methylether (MTBE), N-methylpyrrolidone (NMP), trifluoroacetic acid (TFA) and 
HPLC grade acetonitrile were purchased from Biosolve. Piperidine, 4-(N,N-dimethylamino)pyridine 
(DMAP), N,N-diisopropylethylamine (DIPEA), triethylamine (TEA) and triphenylphosphine were 
obtained from Acros Organics. Triisopropylsilane (TIS), 1,2-ethanedithiol (EDT) and HPLC grade 
TFA were obtained from Merck. Diisopropyl azodicarboxylate (DIAD), triphosgene (bis[trichl
oromethyl]carbonate, BTC) N,N’-diisopropylcarbodiimide (DIC), 4- and 2-nitrobenzenesulfonyl 
chloride (pNBS-Cl and oNBS-Cl, respectively) were purchased from Aldrich. Glycolic acid, sym-
collidine, β-mercaptoethanol and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) were purchased from 
Fluka.
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2-hydroxy-3-methyl-pentanoic acid allyl ester (1). Isoleucine (5 g, 38 mmol) was dissolved in 
2.5N H2SO4 (25 mL) and cooled to 0˚C. A solution of  NaNO2 (3.9 g, 57.1 mmol) in H2O (20 mL) 
was added dropwise during 1h and the obtained reaction mixture was stirred for 2h at 0˚C followed 
by 16h at room temperature. Then, the reaction mixture was extracted with diethyl ether (3 × 75 
mL). The combined organic layers were washed with brine (50 mL) and dried with MgSO4 and 
concentrated under reduced pressure. The product was obtained as a colorless oil (4.63 g, 92%). 
[α]20

D = -13.9 (c = 1.0 in CHCl3; lit
18a: -21.6 (c = 1.0 in CHCl3); Rf  = 0.24 (CH2Cl2/MeOH 95:5 v/v), 

0.76 (CHCl3/MeOH/AcOH 95:20:3 v/v/v); 1H NMR (300 MHz, CDCl3): δ = 4.20 (d, 1H, αCH), 
2.02 (d, 1H, OH), 1.89 (m, 1H, βCH), 1.46-1.24 (m, 2H, γCH2), 1.02 (d, 3H, γCH3 Ilec), 0.92 (t, 3H, 
δCH3); 

13C NMR (75 MHz, CDCl3): δ = 179.2, 74.6, 38.7, 23.6, 15.2, 11.6.
To a solution of  2-hydroxy-3-methyl-pentanoic acid (3.35 g, 24.6 mmol) in aceton (100 mL) were 
added: K2CO3 (5.2 g, 36.9 mmol, 1.5 equiv) and allylbromide (4.35 mL, 49.2 mmol, 2 equiv). 
The obtained reaction mixture was stirred for 16h at room temperature. Then, the solvent was 
evaporated in vacuo and the residue was redissolved in EtOAc (100 mL), washed with 5% NaHCO3 
(2 × 50 mL) and brine (50 mL) dried on Na2SO4 and concentrated under reduced pressure. Allyl 
ester 1 was obtained as a colorless oil (2.80 g, 66%). Rf  = 0.46 (CH2Cl2/MeOH 98:2 v/v); 1H NMR 
(300 MHz, CDCl3): δ = 5.98-5.88 (m, 1H, CH allyl), 5.39-5.26 (dd, 2H, CH2 allyl), 4.69 (d, 2H, CH2 
allyl), 4.11 (d, 1H, αCH), 2.77 (s, 1H, OH), 1.84 (m, 1H, βCH) 1.41-1.23 (m, 2H, γCH2), 0.99 (d, 
3H, γ’CH3 Ilec), 0.90 (t, 3H, δCH3); 

13C NMR (75 MHz, CDCl3): δ = 174.7, 131.4, 119.1, 74.7, 66.0, 
39.1, 23.7, 15.4, 11.7.

2-[2-(9H-Fluoren-9-ylmethoxycarbonylamino)-propionyloxy]-3-methyl-pentanoic acid 
(Fmoc-Ala-Ilec-OH) (2). To a solution of  allyl ester 1 (1.38 g, 8 mmol) in CH2Cl2 (75 mL) were 
added: DCC (1.65 g, 8 mmol), Fmoc-Ala-OH (2.63 g, 8 mmol) and DMAP (78 mg, 7.5 mol%). 
The obtained reaction mixture was stirred for 16h at room temperature. Next, DCU was removed 
by filtration and the solvent was evaporated in vacuo. The residue was redissolved in EtOAc (150 
mL) and the organic layer was washed with 1N KHSO4 (3 × 75 mL), 5% NaHCO3 (3 × 75 mL) 
and brine (3 × 100 mL), dried (Na2SO4) and concentrated under reduced pressure. The residue 
was purified by column chromatography (CH2Cl2/MeOH 99:1 v/v) and Fmoc-Ala-Ilec-OAll was 
obtained as a white solid (2.48 g, 67%). [α]20

D = -11.9 (c = 1.06 in CHCl3); M.p. 72-75°C; Rf  = 
0.60 (CH2Cl2/MeOH 98:2 v/v); 1H NMR (300 MHz, CDCl3): δ = 7.77-7.28 (m, 8H, arom CH), 
5.97-5.83 (m, 1H, CH allyl), 5.38-5.24 (m, 3H, CH2 allyl/NH), 5.00 (d, 1H, αCH Ilec), 4.64 (d, 2H, 
O-CH2 allyl), 4.49 (t, 1H, αCH Ala), 4.37 (d, 2H, CH2 Fmoc), 4.22 (t, 1H, CH Fmoc), 2.03/1.83 
(double s, 1H, βCH Ilec), 1.52 (d, 3H, βCH3 Ala), 1.53-1.21 (broad m, 2H, γCH2 Ilec), 0.99 (d, 3H, 
γ’CH3 Ilec), 0.91 (q, 3H, δCH3 Ilec); 13C NMR (75 MHz, CDCl3): δ = 172.9, 168.9, 155.6, 143.9, 
141.2, 131.4, 127.7, 127.0, 125.1, 119.9, 119.0, 76.9, 67.0, 66.0, 65.8, 49.4, 47.1, 39.1, 36.5, 24.4, 
23.7, 18.6, 15.4, 11.7; EI-MS: (50 eV) m/z (%): 466.50 (52) [M + H]+, 488.35 (100) [M + Na]+.
Fmoc-Ala-Ilec-OAll (930 mg, 2 mmol) was dissolved in CH2Cl2 (25 mL) and purged with argon 
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for 5 min. Then, phenylsilane (5 eq, 1.2 mL) and a catalytic amount of  Pd0(PPh3)4 were added 
under argon and the reaction mixture was stirred overnight at room temperature. Subsequently, the 
solvent was removed under reduced pressure and the residue was redissolved in EtOAc (50 mL). 
The organic layer was washed with 1N KHSO4 (2 × 25 mL) and brine (25 mL) dried (Na2SO4) and 
concentrated in vacuo. After purification by column chromatography (CH2Cl2/MeOH 92:8 v/v) 
2 was obtained as a white foam (600 mg, 71%). [α]20

D = -13.9 (c = 1.0 in CHCl3); M.p. 131-133°C; 
Rf  = 0.46 (CH2Cl2/MeOH 95:5 v/v); 1H NMR (300 MHz, CDCl3): δ = 7.78-7.26 (m, 8H, arom 
CH), 5.46 (d, 1H, NH), 4.97 (s, 1H, αCH Ilec), 4.45 (t, 1H, αCH Ala), 4.38 (d, 2H, CH2 Fmoc), 4.21 
(t, 1H, CH Fmoc), 2.05 (m, 1H, βCH Ilec), 1.49-1.21 (m, 5H, βCH3 Ala/γCH2 Ilec), 0.98 (d, 3H, 
γ’CH3 Ilec), 0.90 (t, 3H, δCH3 Ilec); 13C NMR (75 MHz, CDCl3): δ = 173.1, 171.9, 156.0, 143.6, 
141.1, 133.9, 127.6, 126.9, 124.9, 119.8, 66.8, 49.7, 46.9, 36.2, 24.2, 17.9, 15.2, 11.4; EI-MS: (50 eV) 
m/z (%): 448.35 (100) [M + Na]+; elemental analysis calcd (%) for C24H27NO6 (425.47): C 67.75, H 
6.40, N 3.29; found: C 67.25, H 6.48, N 3.08.

3-Methyl-2-(4-nitro-benzenesulfonylamino)-pentanoic acid benzyl ester (3). H-Ile-OH 
(13.1 g, 100 mmol) was suspended in toluene (250 mL), and benzylalcohol (12.9 mL, 125 mmol) 
followed by Tos-OH.H2O (20.9 g, 110 mmol) were added. The reaction mixture was refluxed for 
16h in a Dean-Stark apparatus and subsequently concentrated in vacuo. The residue was triturated 
with diethyl ether, filtered and dried in a desiccator. The obtained tosylate was dissolved in EtOAc 
(150 mL) and the organic layer was washed with a saturated solution of  NaHCO3 (100 mL) and 
subsequently dried (Na2SO4) and evaporated in vacuo. The residue was dissolved in CH2Cl2 (75 
mL) and TEA (5.2 mL, 2 equiv) followed by pNBS-Cl (4.1 g, 1 equiv.) were added. After stirring 
for 16h at room temperature the reaction mixture was concentrated under reduced pressure. The 
residue redissolved in EtOAc (100 mL) and subsequently, washed with 1N KHSO4 (3 × 75 mL) and 
brine (50 mL), dried (Na2SO4) and the solvent was removed in vacuo. Compound 3 was obtained 
as a yellowish solid (6.10 g, 66%). M.p. 79-83°C; Rf  = 0.55 (EtOAc/hexane 7:3 v/v); 1H NMR (300 
MHz, CDCl3): δ = 8.17 (d, 2H, arom CH), 7.94 (d, 2H, arom CH), 7.33 (m, 3H, arom CH), 7.17 
(m, 2H, arom CH), 5.32 (d, 1H, NH), 4.92 (dd, 2H, CH2 benzyl), 3.90 (q, 1H, αCH Ile), 1.88 (m, 
1H, βCH Ile), 1.38-1.11 (m, 2H, γCH2 Ile), 0.95-0.86 (m, 6H, γ’CH3/ δCH3 Ile); 13C NMR (75 MHz, 
CDCl3): δ = 170.7, 145.4, 134.5, 128.9, 128.6, 128.5, 128.3, 124.1, 67.4, 60.6, 38.4, 24.3, 15.5, 11.3.

2-Butylamino-3-methyl-pentanoic acid benzyl ester (4). A solution of  sulfonamide 3 (4.42 g, 
10.9 mmol) and PPh3 (2.85 g, 10.9 mmol) in dry THF (25 mL) was cooled to –60°C. Then, 1-butyl 
alcohol (1 mL) followed by DIAD (2.15 mL) were added dropwise and the reaction mixture was 
allowed to react for 16h. After removal of  the solvent by evaporation, the obtained residue was 
dissolved in EtOAc. The precipitate was removed by filtration and the EtOAc layer was evaporated 
to dryness. After recrystallization pNBS-N(Bu)Ile-OBzl was obtained in a nearly quantitative yield 
(5.0 g). M.p. 87-90°C; Rf  = 0.62 (CH2Cl2); 

1H NMR (300 MHz, CDCl3): δ = 8.00 (d, 2H, arom CH), 
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7.87 (d, 2H, arom CH), 7.34 (m, 3H, arom CH), 7.18 (m, 2H, arom CH), 4.88 (s, 2H, CH2 benzyl), 
4.27 (d, 1H, αCH Ile), 3.46-3.07 (m, 2H, N-CH2 butyl), 1.93 (m, βCH Ile), 1.81-1.17 (m, 6H, CH2 
butyl (2 × 2H)/γCH2 Ile), 0.97-0.86 (m, 9H, CH3 butyl/γ’CH3/δCH3 Ile); 13C NMR (75 MHz, 
CDCl3): δ = 169.9, 149.6, 145.5, 134.4, 128.8, 128.6, 128.6, 128.4, 123.8, 66.8, 64.8, 45.6, 34.9, 32.6, 
25.2, 20.2, 15.5, 13.5, 10.8.
To a solution of  pNBS-N(Bu)Ile-OBzl (4.95 g) in DMF (40 ml), K2CO3 (3.85 g) followed by 
thiophenol (1.1 mL) were added, and the obtained reaction mixture was stirred for 90 min. Then, 
the reaction mixture was diluted by the addition of  H2O (80 mL) and the aqueous phase was 
extracted with diethyl ether (3 × 100 mL). The combined organic layers were washed with H2O 
(2 × 60 mL), 5% NaHCO3 (2 × 60 mL) and brine (60 mL), dried (Na2SO4) and concentrated in 
vacuo. The residue was purified by column chromatography (CH2Cl2/MeOH 99:1 v/v) to obtain 
H-N(Bu)Ile-OBzl (4) as a slightly brownish oil (1.72 g, 67%). Rf  = 0.41 (CH2Cl2/MeOH 97:3 v/v); 
1H NMR (300 MHz, CDCl3): δ = 7.36 (m, 5H, arom CH), 5.16 (s, 2H, CH2 benzyl), 3.11 (d, 1H, 
αCH Ile), 2.59-2.37 (dm, 2H, N-CH2 butyl) 1.67 (m, 1H, βCH Ile), 1.60-1.07 (m, 6H, CH2 butyl (2 
× 2H)/γCH2 Ile), 0.90-0.84 (m, 9H, CH3 butyl/γ’CH3/δCH3 Ile). 13C NMR (75 MHz, CDCl3): δ = 
175.3, 135.9, 128.5, 128.4, 128.3, 66.2, 66.1, 48.3, 38.4, 32.3, 25.7, 21.9, 20.3, 15.5, 11.4; EI-MS: (50 
eV) m/z (%): 278.25 (100) [M + H]+.

Fmoc-Ala-N(Bu)Ile-OH (5). Fmoc-Ala-OH.H2O (329 mg, 1 mmol) was coevaporated with 
chloroform and toluene (2 × 10 mL) and subsequently dissolved in dry THF (20 mL). To this 
solution were added: triphosgene (0.33 mmol) and sym-collidine (1.25 equiv) and the reaction 
mixture was stirred for 2 min to obtain the acid chloride. Then, a solution of  4 (1 mmol) in dry 
THF (20 mL) was added dropwise and the obtained reaction mixture was stirred for 1 h. After 
removal of  the solvent, the residue was dissolved in EtOAc (50 mL) and subsequently washed 
with 1N KHSO4 (50 mL), 5% NaHCO3 (50 mL) and brine (50 mL). The organic phase was dried 
(Na2SO4) and concentrated in vacuo. The residue was dissolved in EtOH (25 mL), and CHCl3 
(2 mL) followed by Pd/C (100 mg) were added and the reaction mixture was stirred 16 h in the 
presence of  H2. Subsequently, the reaction mixture was filtered over Hyflo and concentrated under 
reduced pressure. The residue was purified by column chromatography (CH2Cl2/MeOH 95:5 v/
v) and 5 was obtained as a white foam in 34% yield over two reaction steps (159 mg). Rf  = 0.26 
(EtOAc/hexane/AcOH 2:1:0.01 v/v/v); 1H NMR (300 MHz, CDCl3): δ = 7.78-7.30 (m, 8H, arom 
CH), 5.67 (d, 1H, NH), 4.70 (t, 1H, αCH Ala), 4.38 (m, 2H, CH2 Fmoc), 4.22 (t, 1H, CH Fmoc), 
3.62-3.13 (m, 2H, N-CH2 butyl), 2.47 (d, 1H, αCH Ile), 1.67 (t, 1H, βCH Ile), 1.49-1.08 (m, 6H, 
CH2 butyl (2 × 2H), γCH2 Ile), 1.01-0.88 (m, 9H, CH3 butyl/γ’CH3/δCH3 Ile); 13C NMR (75 MHz, 
CDCl3): δ = 175.2, 172.3, 155.6, 143.8, 143.6, 141.2, 127.6, 127.0, 125.1, 119.9, 70.0, 68.4, 67.0, 
50.1, 47.4, 47.0, 32.9, 31.4, 25.1, 19.9, 19.1, 16.0, 13.6, 10.9; EI-MS: (50 eV) m/z (%): 503.40 (100) 
[M + Na]+; elemental analysis calcd (%) for C28H36N2O5 (480.60): C 69.98, H 7.55, N 5.83; found: 
C 69.79, H 7.48, N 5.78.
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Peptide Synthesis (General Procedure). Peptide 6 and 10 were synthesized using the FastMoc 
protocol on a 0.25 mmol scale26 on Argogel Fmoc-Rink-Amide resin to obtain the C-terminally 
amidated peptide.44 Each synthetic cycle consisted of  Nα-Fmoc removal by a 10 min treatment 
with 20% piperidine in NMP, a 6 min NMP wash, a 45 min coupling step with 1.0 mmol of  
preactivated Fmoc amino acid in the presence of  2 equivalents DIPEA, and a 6 min NMP wash. 
Nα-Fmoc amino acids were activated in situ with 1.0 mmol HBTU/HOBt (0.36M in NMP) in the 
presence of  DIPEA (2.0 mmol). The peptides were detached from the resin and deprotected by 
treatment with TFA/H2O/EDT/TIS 85:8.5:4.5:2 v/v/v/v for 3h. The peptides were precipitated 
with MTBE/hexane 1:1 v/v at −20 °C and finally lyophilized from tert-butanol/H2O 1:1 v/v.

Depsipeptide (7). Fmoc-Ser(tBu)NH-Rink-Amide resin (0.10 mmol) was washed with CH2Cl2 
(3 × 2 min, 10 mL) and NMP (3 × 2 min, 10 mL) and treated with 20% piperidine/NMP (3 × 8 
min, 10 mL) to remove the Fmoc group. After washing the resin with NMP (3 × 2 min, 10 mL), 
CH2Cl2 (3 × 2 min, 10 mL) and NMP (3 × 2 min, 10 mL), O-tritylglycolic acid10a (Trt-Glyc-OH) 
(127 mg, 0.40 mmol) was coupled to the α-amino group with BOP (177 mg, 0.40 mmol)/DIPEA 
(70 μL, 0.40 mmol) in NMP (10 mL). The coupling was followed by the Kaiser test28 and after 2h 
the coupling was complete. Subsequently, the resin was washed with NMP (3 × 2 min, 10 mL), 
CH2Cl2 (3 × 2 min, 10 mL) and NMP (3 × 2 min, 10 mL) and the trityl functionality was removed 
by treatment with TFA/TIS/CH2Cl2 1:5:94 v/v/v (5 × 2 min, 20 mL). After washing the resin with 
CH2Cl2 (5 × 2 min, 10 mL) and NMP (3 × 2 min, 10 mL), Fmoc-Leu-OH (141 mg, 0.40 mmol) 
was coupled to the α-hydroxyl group with DIC (153 mg, 0.80 mmol)/HOBt (245, 1.6 mmol)/
DMAP (49 mg, 0.40 mmol) in NMP (10 mL) for 16h. The resin was washed with NMP (3 × 2 
min, 10 mL) and CH2Cl2 (3 × 2 min, 10 mL) to remove the excess of  reagents and the coupling 
yield of  Fmoc-Leu-OH as calculated from an Fmoc determination30 was 76%. After removal of  
the Fmoc group, Fmoc-Ala-Ilec-OH (85 mg, 0.20 mmol) was coupled with HATU (76 mg, 0.20 
mmol)/HOAt (27 mg, 0.20 mmol)/DIPEA (70 μL, 0.40 mmol) in NMP (10 mL). The coupling 
reaction was monitored by the Kaiser test and was complete after 90 min. The Fmoc group was 
removed by treatment with 20% piperidine in NMP and the resin was washed as described above. 
Then, Trt-Glyc-OH was coupled to the α-amino group with BOP/DIPEA in NMP under the 
same conditions as described earlier. Subsequently, the trityl group was removed by acid and to 
the primary hydroxyl functionality, Fmoc-Phe-OH was coupled in the presence of  DIC/HOBt/
DMAP in NMP. The coupling yield was determined to be 74% (0.19 mmol/g). After this amino 
acid the peptide sequence was completed as described in the general procedure.

N-Butylated Gly24, Ile26, Ser28 peptide (8). Fmoc-Ser(tBu)-Ser(tBu)NH-Rink-Amide resin 
(0.20 mmol) was washed with CH2Cl2 (3 × 2 min, 10 mL) and NMP (3 × 2 min, 10 mL) and treated 
with 20% piperidine/NMP (3 × 8 min, 10 mL) to remove the Fmoc group. After washing the resin 
with DMF (5 × 2 min, 10 mL) and DCE (5 × 2 min, 10 mL) the α-amino functionality was treated 
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with oNBS-Cl in the presence of  sym-collidine as base in DCE (10 mL) during 2h. After washing 
the resin with CH2Cl2 (6 × 2 min, 10 mL) the sulfonamide was reacted with triphenylphosphine 
(319 mg), 1-butyl alcohol (222 μL) and DIAD (239 μL) in DCE (10 mL) for 3h. Then, the resin 
was washed with CH2Cl2 (3 × 2 min, 10 mL) and DMF (6 × 2 min, 10 mL). The oNBS group 
was removed by treatment of  0.5 M 2-mercaptoethanol in DMF (5 mL) in the presence of  DBU 
(182 μL) for 75 min. The resin was washed with DMF (6 × 2 min, 10 mL) and CH2Cl2 (3 × 2 
min, 10 mL). Subsequently, Fmoc-Leu-OH was coupled to the N-butyl amine by using the BTC 
method.25,33 First, Fmoc-Leu-Cl was prepared in situ by adding triphosgene (60 mg, 0.20 mmol) 
to a solution of  Fmoc-Leu-OH in dioxane (10 mL) in the presence of  sym-collidine (212 μL, 1.6 
mmol) as base. After stirring for 60 s the reaction mixture was transferred to the resin and reacted 
for 1h. This treatment was repeated once. Then, the resin was washed with DMF (3 × 2 min, 10 
mL), CH2Cl2 (3 × 2 min, 10 mL) and DMF (3 × 2 min, 10 mL) and the yield was determined to 
be 70% (0.24 mmol/g). After capping the resin with Ac2O/DIPEA/HOBt in NMP (10 mL), the 
resin was treated with 20% piperidine/NMP to remove the Fmoc group and the resin was washed. 
Subsequently, Fmoc-Ala-N(Bu)Ile-OH (170 mg, 0.3 mmol) was coupled for 16h using HATU (133 
mg, 0.35 mmol)/HOAt (48 mg, 0.35 mmol)/DIPEA (122 μl, 1.4 mmol) in NMP (10 mL). After 
coupling of  this dipeptide the synthesis was continued by first coupling Fmoc-NNle-OH using 
the peptoid coupling protocol.27 Finally, the synthesis was completed as described in the general 
procedure.

Peptoid-peptide hybrids 9, 11 and 12. The Fmoc/tBu-based solid phase synthesis of  peptoids 
and peptoid-peptide hybrids as described by Kruijtzer et al.27 was used. In short, Fmoc-NNle-OH 
was coupled to the α-amino group of  the preceding amino acid in the presence of  HBTU/HOBt 
and DIPEA in NMP for 45 min. After removal of  the Fmoc group, the next amino acid residue 
was coupled to the secondary amine with HATU/HOAt/DIPEA in NMP for 90 min.

Peptide purification. The crude lyophilized peptides (30-60 mg) were dissolved in a minimum 
amount of  0.1% TFA in CH3CN/H2O 8:2 v/v and loaded onto an Adsorbosphere XL C8 HPLC 
column (90Å pore size, 10 μm particle size, 2.2 × 25 cm). The peptides were eluted with a flow rate 
of  10 mL/min using a linear gradient of  buffer B (100% in 60 min) from 100% buffer A (buffer A: 
0.1% TFA in H2O, buffer B: 0.1% TFA in CH3CN/H2O 95:5 v/v). The purities were evaluated by 
analytical HPLC on an Adsorbosphere XL C8 column (90Å pore size, 5 μm particle size, 0.46 × 25 
cm) at a flow rate of  1.0 mL/min using a linear gradient of  buffer B (100% in 30 min) from 100% 
buffer A (buffer A: 0.1% TFA in H2O; buffer B: 0.1% TFA in CH3CN/H2O 95:5 v/v).

Peptide characterization. The peptides were characterized by mass spectrometry. The mass of  
each analogue was measured and the observed monoisotopic (M + H)+ values were correlated with 
the calculated (M + H)+ values using MacBioSpec (Perkin Elmer Sciex Instruments, Thornhill, 
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Ontario, Canada).

Gelation experiments. Each peptide sample (10 mg) was dissolved in 0.1% TFA/H2O (1 mL) at 
25°C. The aggregation state was determined by eye at regular time intervals by tilting the test tube 
and check if  the solution still flowed. If  no flow was observed, gelation was said to have taken 
place.

Transmission electron microscopy. A peptide gel/solution aged for three weeks (10 μL) was 
placed on a carbon coated copper grid. After 15 min, any excess of  peptide was removed by 
washing the copper grid on a drop of  demi-water (this was repeated five times) Finally, the samples 
were stained by methylcellulose/uranyl acetate and dried on air. The samples were visualized under 
a Jeol 1200 EX transmission electron microscope operating at 60 kV. The magnification ranged 
from 20,000 to 100,000 times.

Fourier transform infrared spectroscopy. A peptide gel/solution aged for three weeks (100 μL) 
was lyophilized and subsequently resuspended in D2O (150 μL) and lyophilized. This treatment 
was repeated twice. The lyophilized peptides were dried over P2O5 in high vacuum for 24h. A 
peptide sample was mixed with KBr and pressed into a pellet. IR spectra were recorded on a 
BioRad FTS6000. The optical chamber was flushed with dry nitrogen for 5 min before data 
collection started. The interferograms from 1000 scans with a resolution of  2 cm-1 were averaged 
and corrected for H2O and KBr.

Circular dichroism spectroscopy. CD spectra were measured at 1.0 nm intervals in the range of  
195-250 nm as the average of  20 runs using a spectral band width of  2.0 nm in 0.5 mm cuvettes 
thermostated at 20°C with the optical chamber continually flushed with dry N2 gas. The spectra 
were measured in 0.1% TFA in H2O. The concentrations (1 mg/mL) were determined on the 
basis of  the calculated molecular mass of  the purified lyophilized peptides. A peptide sample was 
dissolved in 0.1% TFA in H2O and stored during 4 days at 4°C prior analysis.

Aggregation assay. The procedure of  this assay was based on reference 47. A stock solution 
(10 mM) of  hIAPP(20-29) (6) in DMSO was prepared and this stock solution (25 μL) was added 
to an equimolar quantity of  lyophilized inhibitor peptide (7 – 11). Following immediate mixing, 
the obtained DMSO mixture was incubated for 15 min. Then, the DMSO mixture was diluted 
into a phosphate buffer (225 μL, pH 7.4, 100 mM NaCl, 1.8 mM NaH2PO4, 8.2 mM Na2HPO4) 
and turbidity (absorbance at 400 nm) was measured during 150 min at room temperature. 
These aggregation assays were performed in duplo in three independent experiments. Turbidity 
measurements were performed on a Bio-TEK μQuant plate reader.
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Introduction
Uncontrolled protein aggregation which leads to the formation of  amyloid fibrils and 
amyloidogenic plaques is a major cause of  cell degeneration resulting in cell death in many 
well-known uncurable diseases such as Alzheimer’s Disease, Parkinson’s Disease and late 
onset diabetes (type II diabetes).1 The latter disease is characterized by the aggregation 
of  human islet amyloid polypeptide (hIAPP) in the insulin producing islet β-cells.1c Islet 
amyloid polypeptide, also known as amylin, is a peptide of  37 amino acid residues, and 
from structure activity relationship studies it is known that the (20-29) core region is highly 
amyloidogenic and rapidly forms amyloid fibrils via a cross β-sheet topology.2 Based on 
the seminal papers of  Tjernberg et al.3 and Soto et al.,4 respectively in which they describe 
the design of  soluble β-sheet mimics as amyloid fibril inhibitors,5 we6 and others7 used the 
amylin(20-29) region as a template to design backbone-modified amylin derivatives that are 
able to inhibit fibril formation of  either the (20-29) sequence or full length amylin (Figure 1). 
Previously, we have shown that backbone-modified amylin(20-29) derivatives are promising 
inhibitors of  amyloid formation of  native amylin(20-29).6 Backbone-modified amylin(20-
29) derivatives in which one or three amide bonds have been replaced by α-hydroxy acids, 
N-butyl amino acids, N-butyl glycines (norleucine peptoid) or β-aminoethane sulfonamides8 
have been designed and successfully synthesized.

Figure 1. Rationale for design of  β-sheet breaker peptides based on the amylin(20-29) sequence. Incorporation 
of  sterical hindrance or removal of  essential hydrogen bond donors will disrupt the hydrogen bond network 
of  the (anti)parallel β-sheet and further growth is arrested.

Among these β-sheet breaker peptides, we have shown that replacement of  an amide bond 
by a norleucine peptoid derivative, is the most effective approach to obtain amyloid inhibitors 
of  amylin(20-29)6a. Based on these results we designed and synthesized the peptoid and 
retropeptoid sequences of  amylin(20-29) as shown in Figure 2, to study their properties as 
β-sheet breaker peptidomimetics. Peptoids9 are N-alkylated glycine derivatives in which the 
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amino acid side chains are shifted from the α-carbon to the α-amino functionality. A variety 
of  applications in medicinal chemistry10a as protease resistant entities,10b antimicrobial 
agents,10c inhibitors of  protein-protein interactions10d and artificial protein mimics10e have 
been described in the literature. Peptoids are non-chiral peptidomimics, except for the 
chirality of  any proline residues or β-carbon atoms of  isoleucine and threonine. Moreover, 
the absence of  hydrogen bond donors in the peptide backbone (except for glycine) and 
the increased flexibility of  the backbone due to the presence of  tertiary amides which 
induce ciscoid conformations should abrogate the tendency to form (anti)parallel β-sheets. 
Translation of  a peptide sequence may result either in a peptoid (direct translation) or 
in a retropeptoid (retrosequence) as is shown in Figure 2. In the retropeptoid series, the 
relative orientation of  the carbonyl groups to the side chains is maintained and this better 
resemblance to the parent peptide may be responsible for the slightly better biological 
activities of  retropeptoids.11b

Figure 2. Amino acid sequence of  native amylin(20-29) 1 and the corresponding peptoid 2 and retropeptoid 
3 derivatives of  amylin(20-29).
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Synthesis
The required Fmoc-protected peptoid building blocks were synthesized according to the 
protocols as described by Kruijtzer et al.11 Chiral Fmoc-NIle-OH was synthesized as follows: 
(S)-(+)-2-aminobutane was reacted with benzyl bromoacetate in the presence of  one equiv 
triethylamine in dichloromethane as solvent. Then, the benzyl ester was treated with Pd/
C in a hydrogen atmosphere and the resulting N-alkylated glycine derivative was treated 
with Fmoc-ONSu in the presence of  triethylamine as base to protect the secondary amine 
resulting in Fmoc-NIle-OH 6 in 54% overall yield (Scheme 1A).

Scheme 1. A: Synthesis of  chiral peptoid building Fmoc-NIle-OH 6; B: Solid phase synthesis of  peptoid 
2.
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The solid phase synthesis of  the peptoid 2 and retropeptoid 3 was carried out on 0.25 mmol 
scale on a Tentagel Rink Amide resin12 using the Fmoc/tBu protocols as was described 
earlier (Scheme 1B).11b Coupling reactions were carried out in the presence of  HATU/
HOAt/DIPEA13 to ensure complete acylation of  the sterically hindered secondary amines 
(Scheme 2). After completion of  the synthesis, the peptoid derivatives were deprotected 
and detached from the resin by treatment with TFA in the presence of  TIS and H2O as 
scavengers. Finally, compounds 2 and 3 were purified by preparative HPLC and characterized 
by mass spectrometry.

Table 1. ESI-MS and HPLC data of  the amylin(20-29) derivatives.

Results and discussion
As a control, native amylin(20-29) 1 was prepared. This peptide slowly dissolved in 0.1% 
TFA/H2O and rapidly formed an opalescent gel (within 10 min at a concentration of  10 
mg/mL). Typical amyloid fibrils were visible by transmission electron microscopy (TEM).6a,8 
These fibrils consisted of  a cross β-sheet topology as evidenced by Fourier transform 
infrared spectroscopy (FTIR) since the typical type I amide absorption was clearly visible 
at ν 1630 cm-1. Moreover, circular dichroism spectroscopy (CD) showed the characteristic 
curve of  a β-sheet with a minimum at λ 227 nm and a maximum at λ 205 nm (Figure 3).

Peptide ESI-MS 
Mass found (calcd.) 

[M+H ]+ 

HPLC analysis 
Rt (min) 

Yield (%) after HPLC 
purification 

Amylin (20-29) (1) 1008.55 (1008.50) 17.66 n.d. 
Peptoid (2) 1050.50 (1050.55) 16.65 20 mg (8) 

Retropeptoid (3) 1050.15 (1050.55) 16.53 31 mg (12) 
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Figure 3. CD spectra of  native amylin(20-29) 1 and the peptoid 2 respectively the retropeptoid 3 of  
amylin(20-29) at a concentration of  1 mg/mL in 0.1% TFA/H2O.

The peptoid derivative 2 rapidly dissolved in 0.1% TFA/H2O (10 mg/mL) and the clear 
solution remained fluid for at least three weeks at 4°C. An intense absorption at ν 1668 
cm-1 was observed by FTIR while the 1630 cm-1 absorption was clearly absent indicating 
a random coil conformation. The absence of  any secondary structure was independently 
confirmed by CD (Figure 3) and TEM, since no amyloid fibrils or other aggregates were 
visible. To test the efficiency of  peptoid 2 as a β-sheet breaker, an equal amount (w/w) of  
native amylin(20-29) 1 was mixed with this peptoid analog and dissolved in 0.1% TFA/H2O 
(concentration: 10 mg/mL for each peptide). The turbidity of  the resulting solution was 
monitored in time (Figure 4, curve 2).14 This experiment showed that peptoid 2 was a good 
inhibitor of  amyloid formation of  1, since the turbidity of  the solution was reduced to 
~20% compared to a solution/gel of  1 (Figure 4, curve 1). A mixture, containing an equal 
amount (w/w) of  1 and 2, was dissolved in 0.1% TFA/H2O and the obtained solution was 
analyzed by CD. As can be seen in Figure 3, this solution (trace 1 + 2) did not show the 
typical β-sheet curve (trace 1), indicating that peptoid 2 was indeed able to inhibit/retard 
amyloid formation of  amylin peptide 1, at least for 4 days. The retropeptoid 3 also rapidly 
dissolved in 0.1% TFA/H2O to give a clear and fluid solution which was stable for at 
least three weeks at 4°C. Although the absence of  any secondary structure as judged by 
FTIR and CD (Figure 3), this derivative was only moderately active in inhibiting amyloid 
formation of  peptide 1 (Figure 4, curve 3) and the turbidity was reduced to only ~50%), 
which was quite unexpected.
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Figure 4. Aggregation curves. Curve 1: amylin(20-29) 1; curve 2: amylin(20-29) 1 + peptoid 2 (1:1 w/w); 
curve 3: amylin(20-29) 1 + retropeptoid 3 (1:1 w/w). The concentration of  all compounds was 10 mg/
mL.

Surprisingly, TEM analysis showed that retropeptoid 3 was able to form supramolecular 
assemblies like ribbons and tapes (Figure 5A) and some of  these progressed into closed 
nanotubes (Figure 5B).
The formation of  supramolecular folding assemblies was rather unexpected since nearly 
all hydrogen bond donors were absent. Apparently, the intrinsic self-assembly of  3 was 
driven by the correct side chain to carbonyl group orientation and thus hampered an 
efficient inhibition of  amyloid formation of  1. The morphology of  the supramolecular 
folding assemblies was significantly different from typical amyloid fibrils as formed by 1. 
The observed tapes had a diameter of  ~40 nm and the formed nanotubes (diameter ~55 
nm) had a right handed helical twist and could be 4 μm long.



58

Figure 5. TEM image of  retropeptoid 3. A: An aggregate of  supramolecular ribbons and tapes; B: A ribbon 
progressing into a nanotube. Scale bar represents 500 nm in both figures.

In conclusion, we have shown that the peptoid and retropeptoid peptidomimetics of  the 
amyloidogenic amylin(20-29) sequence are synthetically accessible in acceptable yields. 
These mimetics can be used as inhibitors of  amyloid fibrillogenesis of  amylin (20-29), 
showing that the peptoid is more potent than the retropeptoid. Removal of  hydrogen 
bond donors in the backbone and the increased tendency to form ciscoid conformations 
may have led to the absence of  any defined secondary structures of  the (retro)peptoid 
in solution. Nevertheless, the retropeptoid was capable of  forming supramolecular tapes, 
ribbons and closed nanotubes via self-assembly, possibly driven by the correct side chain to 
carbonyl group orientation compared to amylin(20-29).

Experimental Section

General. Chemicals were obtained from commercial sources and used without further purification, 
unless stated otherwise. The Fmoc-protected peptoid building blocks were synthesized according 
to reference 11b. Peptide grade solvents used for solid phase peptide synthesis were purchased 
form Biosolve. Peptides were synthesized on a Applied Biosystems 433A peptide synthesizer. 
Analytical HPLC runs were performed on a Shimadzu automated HPLC system equipped with a 
UV/VIS detector operating at 220/254 nm and an evaporative light scattering detector (Polymer 
Laboratories ELS 1000). Peptides were purified using a Gilson HPLC workstation. Electrospray 
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ionization mass spectrometry (ESI-MS) was performed on a Shimadzu LC MS QP8000 single 
quadrupole bench-top mass spectrometer operating in a positive ionization mode. Infrared spectra 
were recorded on a BioRad FTS6000 spectrometer. CD-spectroscopy was performed on a Olis 
RSM-1000 spectrometer. Transmission electron microscopy experiments were performed on a Jeol 
1200 EX operating at 60 kV.

(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)(sec-butyl)amino)acetic acid, (S)-Fmoc-
NIle-OH (6). To a solution of  (S)-(+)-2-amino butane (500 mg, 6.81 mmol) in CH2Cl2 (30 mL), 
benzylbromoacetate (1.1 mL, 6.8 mmol) and TEA (990 μL, 7.2 mmol) were added. The reaction 
mixture was stirred for 16 h and the solvent was evaporated. Next, the crude product was purified 
using column chromatography (eluent: ether). The obtained compound 5 was dissolved in ethanol 
and hydrogenated for 60 h in the presence of  a catalytic amount of  10% Pd/C. Analysis by TLC 
indicated full conversion of  compound 5 and the reaction mixture was filtrated over Hyflo. After 
removal of  the solvent the crude product was redissolved in H2O (20 mL) and the ph was adjusted 
to 9 using TEA. To this mixture, Fmoc-ONSu (1.09 g, 3.2 mmol, dissolved in acetonitrile 20 mL) 
was added in one portion and stirred for 30 min, maintaining the pH at 8.5-9.0 by addition of  TEA. 
Subsequently, the reaction mixture was concentrated in vacuo and brought to pH 3 by addition of  
1N KHSO4. The crude product was afforded by extraction using EtOAc, combining of  the organic 
layers, followed by removal of  the solvent. The product was purified using column chromatography 
(EtOAc/hexane/AcOH 50:50:1 v/v/v → EtOAc/AcOH 100:1 v/v) fractions containing the pure 
product were collected and evaporated in vacuo followed by coevaporation with toluene to remove 
any residual AcOH. Compound 6 was obtained as a yellowish oil (1.29 g, 3.66 mmol, 54%). [α]D

20 
+ 1.5 (c 1, CHCl3); Rf  (EtOAc/hexane/AcOH 60:40:1 v/v/v): 0.42; Rf  (CH2Cl2/MeOH/AcOH 
90:10:1 v/v/v): 0.40; the 1H-NMR spectrum clearly showed the presence of  rotamers; δH (300 
MHz, CDCl3): 0.74-1.17 (m, 6H, γ’CH3, δCH3 Ile) 1.3-1.58 (m, 2H, γCH2 Ile), 3.7-3.9 (m, 3H, βCH 
Ile, αCH2), 4.1-4.3 (m, 1H, CH Fmoc), 4.4-4.6 (m, 2H, CH2 Fmoc) 7.2-7.8 (m, 8H, Fmoc-CH); δc 
(75.5 MHz, CDCl3): 175.9, 175.4, 156.7, 156.0, 143.9, 141.4, 127.6, 126.9, 125.2, 124.8, 119.9, 67.5, 
53.6, 53.2, 47.3, 43.9, 43.1, 27.7, 27.4, 18.3, 18.0, 10.9; ESI-MS: calculated for C21H23NO4: 353.42, 
found: 354.01 [M+H]+.

Peptide synthesis. Peptoid 2 and retropeptoid 3 were synthesized on a 0.25 mmol scale on 
Tentagel Fmoc-Rink-Amide resin in order to obtain C-terminally amidated peptoids. The solid 
phase synthesis was carried out using the FastMoc protocol. Each synthetic cycle consisted of  
Fmoc removal by a 10 min treatment with 20% piperidine in NMP, a 6 min NMP wash, a 45 
min coupling step with 1.0 mmol preactivated peptoid building block and a 6 min NMP wash. 
Peptoid building blocks were activated in situ with 1.0 mmol HATU/HOAt (0.36 M in NMP) in 
the presence of  DIPEA (2.0 mmol). The peptoids were detached from the resin and deprotected 
by treatment with TFA/H2O/TIS 95:2.5:2.5 v/v/v for 3 h. The peptoids were precipitated with 
MTBE-hexane 1:1 v/v at –20˚C and finally lyophilized form tert-butanol-H2O 1:1 v/v.

Purification and Analysis. The peptoids were purfied by dissolving 50 mg crude material in a 
minimal amount of  0.1% TFA in H2O and loaded onto an Adsorbosphere XL C8 HPLC column 
(90 Å pore size, 10 μm particle size, 2.2 × 25 cm). The peptides were eluted with a flow rate of  
10 mL/min using a linear gradient of  buffer B (100% in 40 min) from 100% buffer A (buffer A: 
0.1% TFA in H2O, buffer B: 0.1% TFA in CH3CN/H2O 95:5 v/v). The purity was determined by 
analytical HPLC on an Adsorbosphere XL C8 column (90Å pore size, 5 μm particle size, 0.46 × 
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25 cm) at a flow rate of  1.0 mL/min using a linear gradient of  buffer B (100% in 20 min) from 
100% buffer A (buffer A: 0.1% TFA in H2O; buffer B: 0.1% TFA in CH3CN/H2O 95:5 v/v). 
Compounds 1 – 3 and 6 were characterized by mass spectrometry. 

Gelation experiments. Each peptide sample (10 mg) was dissolved in 0.1% TFA/H2O (1 mL) at 
25°C. The aggregation state was determined by eye at regular time intervals by tilting the test tube 
and check if  the solution still flowed. If  no flow was observed, gelation was said to have taken 
place.

Transmission electron microscopy. A peptide solution (10 mg peptide/mL in 0.1% TFA/H2O) 
aged for three weeks (10 μL) was placed on a carbon coated copper grid. After 15 min, any excess 
of  peptide was removed by washing the copper grid on a drop of  demi-water (this was repeated 
four times) Finally, the samples were stained by methylcellulose/uranyl acetate and dried on air. 
The samples were visualized using a magnification ranging from 10,000 to 60,000 times.

Fourier transform infrared spectroscopy. A peptide solution (10 mg peptide/mL in 0.1% TFA/
H2O) aged for three weeks (100 μL) was lyophilized and subsequently resuspended in D2O (150 
μL) and lyophilized. This treatment was repeated twice. A peptide sample was mixed with KBr 
and pressed into a pellet. The optical chamber was flushed with dry nitrogen for 5 min before data 
collection started. The interferograms from 512 scans with a resolution of  2 cm-1 were averaged 
and corrected for H2O and KBr.

Circular dichroism spectroscopy. CD spectra were measured at 1.0 nm intervals in the range 
of  195-260 nm as the average of  20 runs using a spectral band width of  2.0 nm in 1 mm cuvettes 
thermostated at 20°C with the optical chamber continually flushed with dry N2 gas. The spectra 
were measured in 0.1% TFA in H2O with a final concentration of  peptide of  1 mg/mL. A peptide 
sample was dissolved in 0.1% TFA in H2O and stored during 3 weeks at 4°C prior analysis.

Turbidity experiments. The procedure of  this assay was based on reference 14. A stock solution 
(10 mM) of  hIAPP(20-29) (1) in DMSO was prepared and this stock solution (25 μL) was added 
to an equimolar quantity of  lyophilized inhibitor peptide (2 or 3). Following immediate mixing, 
the obtained DMSO mixture was incubated for 15 min. Then, the DMSO mixture was diluted 
into a phosphate buffer (225 μL, pH 7.4, 100 mM NaCl, 1.8 mM NaH2PO4, 8.2 mM Na2HPO4) 
and turbidity (absorbance at 400 nm) was measured during 150 min at room temperature. 
These aggregation assays were performed in duplo in three independent experiments. Turbidity 
measurements were performed on a Bio-TEK μQuant plate reader.
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Introduction
The incorporation of  peptide backbone amide bond isosteres has a tremendous influence 
on the folding behavior and biochemical/biophysical properties of  the native peptide 
sequence. Well known examples of  such amide bond isosteres are among others: esters 
(resulting in depsipeptides),1 peptoids (N-alkyl glycines),2 peptido-ureas,3 peptoid ureas,4 
alkene dipeptide isosteres,5 β-peptidosulfonamides6 and peptoid sulfonamides.7 Recently, we 
have shown that replacement of  one or more backbone amide bonds by ester- respectively 
peptoid moieties within amyloidogenic peptide sequences abrogated their amyloid fibril-
forming properties.8

Since the seminal publications of  β-peptides by Seebach9 and Gellman,10 this concept has 
found many applications in the design of  peptide sequences with novel folding characteristics 
(foldamers),11 antimicrobial properties and biological activities as receptor (ant)agonists 
and enzyme inhibitors.12 Rather unexpected, extension of  the backbone within an α-amino 
acid residue with a single methylene moiety, thus leading to β-amino acids, will result in 
a hydrogen bonding network which stabilizes secondary structures of  relatively short β-
peptides in organic solvents (Figure 1).10 An attractive feature of  β-peptidosulfonamides 
compared to β-peptides is the identical number of  atoms in each backbone residue (Figure 
1). This allows unequivocal conclusions regarding the influence of  the sulfonamide moiety 
in β-peptidosulfonamides oligomers13 and hybrids of  β-peptidosulfonamides/β-peptides 
respectively, β-peptidosulfonamides/α-peptides. In this context we have shown earlier that 
the incorporation of  a single β-peptidosulfonamide moiety in a hexameric- or nonameric 
β-peptide attenuates the helical structure of  these β-peptides completely,14 thus the β-
peptidosulfonamide moiety acts as a helix breaker entity.

Figure 1. Structures of  an α-peptide, β-peptide, β-peptide/α-peptide hybrid and β-peptidosulfonamide/α-
peptide hybrid.

This helix breaker property of  the β-peptidosulfonamide moiety triggered us to study 
the incorporation of  β-peptidosulfonamides into peptide sequences with a high tendency 
to form (anti)parallel β-sheets. Incorporation of  a single β-aminoethane sulfonyl amide 
moiety in an all α-amino acid peptide sequence introduces an extra methylene group, thus 
inducing an out of  register hydrogen bonding network compared to an antiparallel β-sheet. 
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Moreover, the sulfonamide O-atoms are poor hydrogen bond acceptors but the increased 
acidity of  the sulfonamide NH makes it a better hydrogen bond donor compared to a 
peptide amide moiety.15 This dichotomy of  hydrogen bond acceptor/donor properties can 
be used for the design of  soluble β-sheet mimics.
Recently, we have found that modification of  the peptide backbone of  the highly 
amyloidogenic peptide amylin(20-29) do not lead to amyloid fibrils.8 However, due to 
the increased hydrophobicity of  these newly designed amylin (20-29) peptides, they self-
assemble into large helical ribbons and peptide nanotubes.8b,c These amyloid-based peptides 
can be used as novel hydrogelators in the design of  bionanomaterials.16 In recent reviews17 
some general properties of  molecules, which are thought to act as hydrogelators, have been 
defined. To gel a solvent, and in particular water, an amphiphilic molecule with a hydrophobic 
functionality to promote aggregation and hydrophilic or charged groups to provide 
solubility, is required.17a As stated above, in β-peptidosulfonamides/α-peptides hybrids, the 
increased acidity of  the sulfonamide NH is particularly usefull for the chemoselective and 
regiospecific alkylation of  the peptide backbone.18 This alkylation will result in two novel 
properties of  these β-peptidosulfonamides/α-peptides molecular constructs. First, removal 
of  a hydrogen bond donor to disrupt amyloid formation and second, introduction of  an 
alkyl chain to tune hydrophobicity and thus to optimize their hydrogelation properties for 
material design based on self-assembly.
Here we describe that the incorporation of  a single β-aminoethane sulfonyl amide moiety in 
the amylin(20-29) peptide sequence resulted in a complete loss of  amyloid fibril formation, 
instead, the formation of  hydrogels and supramolecular folding morphologies were 
observed. Subsequent N-alkylation of  the sulfonamide resulted in a variety in aggregation 
motifs such as helical ribbons and tapes, ribbons progressing to closed tubes, twisted 
lamellar sheets and entangled/branched fibers. These desired properties will be used to 
design self-assembled bionanomaterials of  amyloid-derived peptides.16 

Results
Synthesis: The assembly of  the amylin(20-29) peptides 1 – 4 and the on-resin Mitsunobu 
alkylations are shown in Scheme 1. The resin-bound protected dipeptide H-Ser(tBu)-
Ser(tBu) was treated with the N-β-Fmoc-protected β-aminoethane sulfonyl chloride 
derivative of  leucine19 in the presence of  N-methylmorpholine in dichloromethane. 
These reaction conditions have been recently described by us for the synthesis of  oligo-
β-peptidosulfonamides.13,14 Then, the synthesis proceeded following the Fmoc/tBu solid 
phase peptide synthesis protocols.20 The final amino acid was introduced as an N-α-Boc 
protected derivative (Boc-Ser(tBu)-OH), since the basic conditions during the Mitsunobu 
alkylations (vide infra) were not completely orthogonal with an Fmoc group, moreover, the 
final peptides should have a free α-amino functionality.
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Scheme 1. Solid phase synthesis of  the amylin(20-29) derivatives.

The increased acidity of  the sulfonyl amide NH was used for a regioselective alkylation 
of  the peptide backbone.18 Electrophiles e.g. allylic- or benzylic bromides were used in 
the presence of  several bases (DBU, DABCO, K2CO3 and TEA), however, HPLC- and 
mass analyses of  the resulting peptides were not satisfactory with respect to purity and 
identity. Therefore, these alkylations were carried out by the Mitsunobu reaction,21 thereby 
broadening the scope of  the possible alkyl chains, since a diverse set of  alcohols can be 
used. It turned out that the alkylation proceeded smoothly and a large variety of  alcohols 
could be used (Figure 2).
After treatment with TFA, to remove all protecting groups and to detach the peptide from 
the resin, the N-alkylated β-peptidosulfonamide-peptide hybrids 4a – l were obtained in 
good yields (44 – 85%). The peptides were purified by HPLC and characterized by mass 
spectrometry (see Table 1). The rationale for incorporation of  a β-leucine ((S)-3-amino-
5-methyl-hexanoic acid) residue at position 27 of  amylin(20-29) (compound 2) was based 
on earlier observations by Moriarty and Raleigh.22 They found that fibril formation of  
amylin(20-29) was particularly sensitive to modifications of  the amide of  serine28. Thus, it 
was expected that residues at position 27 would affect the chemical and physical properties of  
this amine moiety, which resulted in the design and synthesis of  the β-peptidosulfonamide-
peptide hybrid 3 and the corresponding N-alkylated derivatives 4a – l.
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Table 1. EI-MS, MALDI-TOF and HPLC data of  the amylin derivatives.

Figure 2. Structures of  the amylin(20-29) derivatives synthesized in this study.

Gel formation: Native amylin(20-29) 1 was used as a reference peptide. This peptide was 
dissolved in 0.1% TFA/H2O (10 mg/mL) and rapidly formed an opaque gel. The presence 
of  amyloid fibrils was verified by transmission electron microscopy (TEM) (Figure 3A and 
4A) and β-sheet formation was confirmed by the amide I absorption at circa 1630 cm-1 in 

Peptide EI-MS [M + H]+ MALDI-TOF [M + Na]+ Rt (TFA buffer) Rt (TEAP buffer) 
 found (calcd.) found (calcd.) min min 
1 1008.80 (1008.50) 1030.501 (1030.482) 17.63 (C8) 2.67 (C8) 
2 1022.70 (1022.53) 1044.546 (1044.511) 17.22 (C8) 1.58 (C8) 
3 1058.17 (1058.49) 1080.645 (1080.472) 17.60 (C8) 2.41 (C8) 
4a 1072.70 (1072.51) 1095.470 (1094.492) 18.12 (C8) 3.77 (C8) 
4b 1086.60 (1086.53) 1108.471 (1108.511) 18.72 (C8) 6.02 (C8) 
4c 1100.70 (1100.54) 1122.586 (1122.522) 18.93 (C8) 6.71 (C8) 
4d 1100.70 (1100.54) 1122.522 (1122.522) 19.50 (C8) 8.33 (C8) 
4e 1114.90 (1114.56) 1136.528 (1136.542) 20.53 (C8) 10.50 (C8) 
4f 1098.80 (1098.53) 1120.519 (1120.512) 19.22 (C8) 7.43 (C8) 
4g 1148.60 (1148.54) 1170.470 (1170.522) 21.13 (C8) 11.58 (C8) 
4h 1096.60 (1096.51) 1118.518 (1118.492) 18.98 (C8) 6.65 (C8) 
4i 1226.85 (1226.68) 1248.563 (1248.662) 24.40 (C4) 17.60 (C4) 
4j 1268.70 (1268.73) 1290.549 (1290.712) 24.38 (C4) 20.27 (C4) 
4k 1282.85 (1282.75) 1304.591 (1304.732) 26.82 (C4) 21.25 (C4) 
4l 1310.75 (1310.78) 1332.538 (1332.762) 26.88 (C4) 22.77 (C4) 
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the Fourier transform infrared spectrum (FTIR)23 (Table 2) and by circular dichroism (CD) 
(Table 2), either in a TFA buffer (Figure 5A) or in a phosphate buffer (Figure 6A). All these 
observations were in agreement with literature data24 and our earlier experiments.8 

Amylin(20-29) Leu27→βLeu 2 did not rapidly dissolve in 0.1% TFA/H2O (10 mg/mL) 
and formed instantaneously a highly viscous turbid solution/suspension which gelled upon 
standing (Table 2). Amyloid fibrils were not observed by TEM, instead, long slightly twisted 
lamellar sheets were visible (Figure 4B). The absence of  amyloid fibrils was corroborated 
by FTIR (Table 2), since the characteristic peak at 1630 cm-1 of  the amide I absorption was 
absent. Also CD spectroscopy (Figure 5A and 6A) confirmed the absence of  amyloid fibrils 
as the predominant supramolecular structure since it showed a complete different behavior 
(a minimum at λ 217 nm, a maximum at λ 195 nm) of  2 compared to native amylin(20-29). 
Interestingly, introduction of  a single methylene moiety in the peptide backbone was able to 
disrupt the hydrogen bonding network leading to the folding into (anti)parallel β-sheets and 
ultimately amyloid fibrils. Apparently, the hydrophobicity and the intrinsic self-assembly of  
this peptide was responsible for the formation of  the observed supramolecular assemblies, 
as recently described for depsipeptide derivatives of  amylin(20-29).8b

Table 2. Physico-chemical properties of  the amylin derivatives.

aTypical amide I absorption frequency (cm-1): 1630: aggregated β-sheets; 1640: unordered structure; 1670: 
antiparallel β-sheet, according to reference 23b. bCD spectra are shown in Figures 5 and 6.

Peptide Gel formation Morphology FTIR (cm-1)a CDb 
1 yes (<10 min), opalescent amyloid fibrils 1631 (s) β-sheet 
2 yes (<10 min), turbid lamellar sheets 1677 (s), 1639 (s) min λ 217 nm 

max λ 195 nm 
3 yes (~40 min), turbid helical ribbons 

progressing to closed 
tubes 

1679 (s), 1639 (s) random coil 

4a yes (~5 h), translucent no aggregates visible 1678 (s), 1645 (s) random coil 
4b yes (>24 h), translucent no aggregates visible 1670 (s), 1644 (m) n.d. 
4c yes (~1 h), translucent twisted double fibers 1676 (s), 1644 (w) n.d. 
4d clear solution long thin fibers 1676 (s), 1644 (w) n.d. 
4e yes (>24 h), translucent long broad fibers 1674 (s), 1645 (s) random coil 
4f yes (~30 min), turbid broad branched fibers 1670 (s), 1645 (s) n.d. 
4g yes (~30 min), turbid twisted lamellar sheets 1677 (s), 1631 (w) random coil 
4h yes (~30 min), translucent twisted long fibers 1670 (s), 1644 (w) n.d. 
4i yes (~45 min), translucent entangled fibers 1674 (s), 1643 (s) collagen-like 

triple helix 
4j yes (~1 h), translucent entangled fibers 1667 (s), 1644 (s) n.d. 
4k yes (~20 min), translucent entangled fibers 1667 (s), 1644 (s) random coil 

4l clear solution entangled fibers 1678 (s), 1643 (s) n.d. 
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Figure 3. TEM pictures of  the amylin(20-29) derivatives. A: 1; B: 4c; C: 4d; D: 4e; E: 4f; F: 4h and G: 4l. 
Scale bar represents 100 nm.

Amylin(20-29) Leu27→Leuψ[CH2SO2] 3 was dissolved in 0.1% TFA/H2O and the turbid 
solution was gelled after 40 min. This β-peptidosulfonamide-peptide hybrid aggregated into 
helical ribbons and some of  these ribbons progressed into closed peptide nanotubes of  up 
to 12 μm in length, as judged by TEM (Figure 4C). Based on the FTIR and CD data (Table 
2) it was concluded that 3 was present as a random coil. The absence of  any secondary 
structure resulted from the ability of  the sulfonamide moiety to act as a structure-breaker 
as was observed earlier in helical hexameric- and nonameric β-peptides.14 However, the 
intrinsic chirality of  the peptide backbone and the presence of  hydrogen bond donors and 
the π-π stacking of  the aromatic phenylalanine side chains25 resulted in the formation of  
supramolecular helical ribbons.
The N-alkylated sulfonamides 4a (methyl) and 4b (ethyl) rapidly dissolved in 0.1% TFA/
H2O and the clear solution formed a translucent gel after standing for 5 respectively 24 h. 
However, neither the presence of  amyloid fibrils nor supramolecular aggregates was observed 
by electron microscopy. This was rather unexpected since gelation or an increased viscosity 
was always accompanied with the presence of  aggregates (amyloid fibrils, supramolecular 
assemblies).8 These peptides were the first two examples in this study in which the essential 
amide of  serine28 was not able to form an hydrogen bond (vide supra). On the other hand, 
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both alkyl groups had a small contribution to the overall hydrophobicity of  the peptide, 
which did not result in a pronounced amphiphilic character. Thus, the absence of  the 
essential hydrogen bond abrogated any form of  aggregation. This was confirmed by FTIR 
(Table 2) and CD (Figure 5B and 6B), which showed the typical spectra of  a random coil 
conformation with respect to 4a and 4b.
The N-alkylated sulfonamides 4c (propyl) and 4d (isopropyl) were dissolved in 0.1% TFA/
H2O and the clear solution of  4c formed a translucent gel within 1 h. However, a solution 
of  4d did not form a gel and remained clear. As visualized by TEM, both peptides formed 
fibers (Figure 3B and 3C) with a different morphology. Fibers formed by 4c were twisted in 
contrast to those formed by 4d which were long, thin and nontwisted. An identical gelation 
behavior was found for the N-alkylated sulfonamide 4e (butyl); after 24 h a translucent 
gel was obtained. As jugded by electron microscopy, long and broad fibers were observed 
(Figure 3D). These longer alkyl chains increased the overall hydrophobicity substantially 
which apparently was responsible for the observed fiber formation. Both FTIR and CD 
spectra confirmed that this aggregation process was not based on amyloid fibril formation 
(absence of  the characteristic peak at 1630 cm-1 of  the amide I absorption), since these 
measurements strongly support a random conformation (Table 2 and Figure 5B and 6B).

Figure 4. TEM pictures of  the amylin(20-29) derivatives. A: 1; B: 2; C: 3 and D: 4g. Scale bar represents 
500 nm.
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The N-alkylated sulfonamides 4f (allyl), 4g (benzyl) and 4h (propargyl) were synthesized 
to study the presence of  either an alkenyl/alkynyl chain or an aryl moiety on their gelation 
behavior. These amylin derivatives gelled the solution rapidly (within 30 min) and only in 
the case of  4h, a clear gel was formed. Sulfonamide 4f aggregated into broad branched (or 
intertwined) fibers (Figure 3E) although it did not adopt a secondary structure as shown 
by FTIR (Table 1). Also sulfonamide 4h was unstructured in solution as judged by FTIR 
(Table 1), but here, long twisted fibers were visible (Figure 3F). This was in sharp contrast 
compared to the N-benzyl sulfonamide 4g which showed twisted lamellar sheets and in 
some cases they were visible as closed tubes (Figure 4D).

Figure 5. CD spectra of  the amylin(20-29) derivatives in 0.1% TFA/H2O. A, Upper frame: ■: 1; □: 2; ○: 3. B, 
Lower frame: ■: 3; □: 4a; ○: 4e; ●: 4g; : 4i and : 4k.
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However, 4g did not adopt any secondary structure in solution as was clear from FTIR- 
(Table 1) and CD-measurements (Figure 5B and 6B). From the literature is it known 
that aromatic moieties e.g. benzyl groups (side chain of  phenylalanine: π-π stacking) are 
important determinants of  supramolecular folding either into amyloid fibrils or peptide 
nanotubes.25,26  

Figure 6. CD spectra of  the amylin(20-29) derivatives in phosphate buffer at pH 7.4. A, Upper frame: ■: 1; 
□: 2; ○: 3. B, Lower frame: ■: 3; □: 4a; ○: 4e; ●: 4g.

The N-alkylated sulfonamides 4i (C12, dodecyl), 4j (C15, pentadecyl), 4k (C16, hexadecyl) 
and 4l (C18, octadecyl) were insoluble in 0.1% TFA/H2O. Therefore, 1.0 mg of  each 
derivative was dissolved in 10 μL DMSO (clear solution) and diluted with 90 μL 0.1% 
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TFA/H2O. The obtained clear aqueous solutions formed a translucent gel within 1 h, 
except sulfonamide 4l which remained as a clear solution (even after 24 h). Generally, these 
fatty alcohol peptide amphiphiles formed fibers as shown (only for the C18 derivative, 
4l) in Figure 3G. Due to the presence of  the saturated lipid moieties, the driving force of  
self-assembly of  these alkylated sulfonamides was changed from peptide-driven (hydrogen 
bonding, hydrophobic side-chain – side-chain interactions) to assembly in which the lipid 
functionality had a stronger role. Typical amide absorption peaks, characteristic for strong 
hydrogen bonding-based peptide peptide interactions, were absent in the FTIR spectra. 
Representative examples of  lipid-driven self-assembly have been published by Fields and 
coworkers27a and others.27b Fields et al. described the design and synthesis of  small peptide 
collagen mimics by N-terminal derivatization of  proline-rich peptide sequences with 
saturated fatty acid acyl chains.28 Furthermore, evidence for the lipid-driven self-assembly 
of  compound 4i was found in its typical CD spectrum (Figure 5B), showing a maximum 
at λ 227 nm and a minimum at λ 207 nm. However, increasing the length of  the acyl chain 
(4k) strongly determined the overall folding and nullified apparently any contribution of  
specific peptide-peptide interaction.

Discussion
Amyloid fibrils are characterized by the (anti)parallel organization of  β-pleated sheets,29,30 
which lead to a reduced solubility of  the protein and to the formation of  deposits of  
amyloid plaques. On one hand amyloid formation in living organisms is a highly undesired 
process and is a (co)causitive factor in several diseases e.g. Alzheimer’s disease (AD), 
Parkinson’s disease (PD), transmissible spongiform encephalopathies (scrapie, BSE and 
Creutzfeldt-Jakob disease) and late onset diabetes (diabetes type II).31 On the other hand, 
amyloid formation can also be exploited in the design of  self-assembled bionanomaterials. 
In our studies we used as model peptide the 20-29 sequence of  amylin (H-Ser-Asn-Asn-
Phe-Gly-Ala-Ile-Leu-Ser-Ser-NH2), which is known as an amyloidogenic sequence from 
native amylin,32 which itself  is involved in type II diabetes.33 Here, we describe our efforts 
in the design of  material-like properties –peptide nanotubes and hydrogelators– based on 
the intrinsic self-assembly of  an amyloid-derived peptide.
A characteristic hydrogen bonding network of  an antiparallel β-sheet is shown in Figure 7A. 
As shown by FTIR (Table 1), TEM (Figure 3A, 4A) and CD (Figure 5A, 6A), amylin(20-29) 1 
formed amyloid fibrils as expected. Based on this H-bonding network, several models of  how 
helical tapes, ribbons and fibrils/fibers are formed have been postulated in the literature.34,35 
Also, rationally designed peptide nanotubes36,37 helical pores,38 peptidomimetics of  cross β-
sheet assemblies39a,b and de novo designed β-sheet-forming strands,39c short tau peptides,40 
amyloid fibril mimics41 or amino acid-/peptide-derived organo-42 and hydrogelators17,43 are 
based on this model of  antiparallel β-sheet.
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The substitution of  Leu27 by (S)-3-amino-5-methyl-hexanoic acid (β-leucine) in amylin(20-
29) resulted in β-peptide/α-peptide hybrid 2, which did not fold into characteristic amyloid 
fibrils (vide supra). The absence of  amyloid fibrils may be explained by the out of  register 
hydrogen bonding pattern as induced by the incorporation of  an extra methylene moiety 
(Figure 7B). However, this peptide was found to be a hydrogelator and the lamellar sheets 
observed by TEM were somewhat surprising. Apparently, the driving force to form these 
sheets is merely based on hydrophobic side chain interactions8 rather than hydrogen bonds, 
which is in line with the FTIR (Table 1) and CD (Figure 5A, 6B) data.
Substitution of  a peptide amide bond by a sulfonamide, to obtain β-peptidosulfonamide-
peptide hybrid 3, introduces a stronger hydrogen bond donor but a weaker hydrogen bond 
acceptor. As viewed by TEM (Figure 4C), this amylin(20-29) derivative was found to form 
helical ribbons and closed peptide nanotubes. As is the case with β-peptide/α-peptide 
hybrid 2, β-peptidosulfonamide-peptide hybrid 3 can not form an ideal hydrogen bonding 
network as depicted in Figure 7C. Although, the FTIR spectra of  2 and 3 are almost 
identical, which may imply that the sulfonamide moiety plays a minor role in the formation 
of  the observed peptide nanotubes, due to its dichotomy as hydrogen bond donor and/or 
–acceptor (vide supra)14 it is surprising to observe the lamellar twist of  this derivative as 
opposed to 2. Recently, a similar supramolecular morphology has been reported by us in 
case of  amylin(20-29) peptides in which all important hydrogen bonds involved in amyloid 
formation have been removed.8b Formation of  the peptide nanotubes has been explained 
as an interplay of  an increase of  the overall hydrophobicity of  the peptide construct and 
side-chain – side-chain interactions.
Alkylation of  the sulfonamide NH (4a – l) induces sterical hindrance and removes a strong 
hydrogen bond donor, these simultaneous alterations of  the amide bond properties make 
the antiparallel alignment into a β-sheet motif  highly unfavorable (Figure 7D). The concept 
of  N-methylation has successfully been applied in the design of  soluble β-sheet mimics 
that inhibit amyloid formation.44 The absence of  fibrils (TEM) in case of  the N-Me- and 
N-Et sulfonamides 4a and 4b, respectively, was in agreement with data from the literature. 
However, incorporation of  longer alkyl chains, generally increases the hydrophobicity and 
ultimately leads to the formation of  a peptide amphiphile. The aggregation behavior of  
the peptide amphiphiles (4c – 4l) is determined by the hydrophobicity and length of  the 
alkyl chain (lipid-driven) since the morphology of  the aggregates is generally the same 
(Figure 3B-G). There is, however, one exception: N-benzyl sulfonamide 4g, which self-
assembles into twisted lamellar sheets and (closed) peptide tubes (Figure 4D). Represented 
as an antiparallel β-sheet, the side chain of  phenylalanine can be oriented co-planarly to the 
sulfonamide N-benzyl for optimal π-π stacking interactions (Figure 8A). Recently, these 
π-π stacking interactions have been defined as important determinants in supramolecular 
folding either into amyloid fibrils or peptide nanotubes.25,37 Moreover, an indirect evidence 
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for these π-π stacking interactions (as oriented in an antiparallel β-sheet) in case N-benzyl 
sulfonamide 4g, is the presence of  a signal at 1631 cm-1 in the FTIR spectrum, since in all 
other N-alkylated sulfonamides this signal is absent.

Figure 7. Structural representation of  a β-pleated sheet. A: native amylin(20-29) 1; B: incorporation of  a β-
peptide: 2; C: replacement of  an amide bond by an sulfonamide moiety: 3; D: alkylation of  the sulfonamide 
NH: 4a – 4l.
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Figure 8. A: Structural representation of  a β-pleated sheet in case of  sulfonamide 4g; strong influence of  
π-π interactions as determinants of  the supramolecular folding morphology. B: Pictorial respresentation of  
the lipid-driven self-assembly of  the peptide amphiphiles.

In conclusion, we describe here the successful synthesis of  backbone-modified amylin(20-
29) derivatives in which one amide bond is replaced by a sulfonamide functionality. The 
sulfonamide moiety is regiospecifically alkylated with a diverse set of  alcohols featuring the 
Mitsunobu reaction on the solid support. These amylin derivatives did not form amyloid 
fibrils, however, they self-assembled into diverse supramolecular assemblies such as 
lamellar sheets, helical ribbons, peptide nanotubes and close networks of  entangled fibers. 
The compounds described here will find application as hydrogelators and newly designed 
bionanomaterials (insulated wires, drug delivery devices, nanoreactors) based on small 
peptides and peptidomimetics.
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Experimental Section

General. Chemicals were obtained from commercial sources and used without further purification, 
unless stated otherwise. Peptide grade solvents used for solid phase peptide synthesis were purchased 
from Biosolve and were stored on 4Å MS. Peptides were synthesized on an Applied Biosystems 
433A peptide synthesizer. Analytical HPLC runs were performed on a Shimadzu automated 
HPLC system equipped with a UV/VIS detector operating at 220/254 nm and an evaporative light 
scattering detector (Polymer Laboratories ELS 1000). Peptides were purified using a Gilson HPLC 
workstation. Infrared spectra were recorded on a BioRad FTS6000 spectrometer. CD-spectroscopy 
was performed on a Olis RSM-1000 spectrometer.

Peptide Synthesis. Peptides 1 and 2 were synthesized using the FastMoc protocol on a 0.25 mmol 
scale20 on Argogel Fmoc-Rink-Amide resin to obtain the C-terminally amidated peptides.45 Each 
synthetic cycle consisted of  N-α-Fmoc removal by a 10 min treatment with 20% piperidine in 
NMP, a 6 min NMP wash, a 45 min coupling step with 1.0 mmol of  preactivated Fmoc amino acid 
in the presence of  2 equivalents DIPEA, and a 6 min NMP wash. N-α-Fmoc amino acids were 
activated in situ with 1.0 mmol HBTU/HOBt (0.36 M in NMP)46 in the presence of  DIPEA (2.0 
mmol). The peptides were detached from the resin and deprotected by treatment with TFA/H2O/
TIS 95:2.5.:2.5 v/v/v for 3 h. The peptides were precipitated with MTBE/hexane 1:1 v/v at −20°C 
and finally lyophilized from tert-butanol/H2O 1:1 v/v.

Synthesis of  β-peptidosulfonamide-peptide hybrid 3. Fmoc-Ser(tBu)-Ser(tBu)-NH-Rink-
Amide resin (0.25 mmol) was washed with CH2Cl2 (3 × 2 min, 10 mL) and NMP (3 × 2 min, 10 
mL) and treated with 20% piperidine/NMP (3 × 8 min, 10 mL) to remove the Fmoc group. After 
washing the resin with NMP (3 × 2 min, 10 mL), the solvent system was changed into CH2Cl2 by 
extensive washing with CH2Cl2 (6 × 2 min, 10 mL).14 Then, Fmoc-Leuψ[CH2SO2]-Cl19 (422 mg, 1.0 
mmol, 4 equiv) was coupled to the α-amino group with NMM (165 μL, 1.5 mmol. 6 equiv) as base 
in CH2Cl2 (10 mL). The coupling was followed by the Kaiser test47 and the bromophenol blue test 
(BPB)48 and was found to be complete after 3 h. The resin was washed with CH2Cl2 (3 × 2 min, 
10 mL) and NMP (6 × 2 min, 10 mL). Peptide synthesis was continued following the Fmoc/tBu 
solid phase peptide synthesis protocols. The final amino acid was coupled as its N-α-Boc protected 
derivative (Boc-Ser(tBu)-OH). Subsequently, a small portion of  the resin was treated with TFA/
TIS/H2O 95:2.5:2.5 v/v/v to remove all protecting groups and to detach the peptide form the 
resin. The β-peptidosulfonamide-peptide hybrid 3 was precipitated with MTBE/hexane 1:1 v/v at 
−20°C and finally lyophilized from tert-butanol/H2O 1:1 v/v.

N-Alkylation of  the sulfonamide on the solid phase. Alkylation of  the sulfonamide moiety, to 
obtain the N-alkylated β-peptidosulfonamide-peptide hybrids 4a – l, was performed on the solid 
phase in the presence of  DIAD (4 equiv), triphenylphosphine (4 equiv) and the alcohol (8 equiv) 
in freshly distilled THF. As a typical example, for the synthesis of  4i, resin-bound fully protected 
peptide 3 (200 mg, 0.06 mmol) was washed with CH2Cl2 (3 × 10 mL, 2 min) followed by THF 
(3 × 10 mL, 2 min). Then, the resin was treated with triphenylphosphine (63 mg, 0.24 mmol), 1-
dodecanol (90 mg, 0.48 mmol) and DIAD (47 μL, 0.24 mmol) in THF (10 mL) for 16 h. Finally, 
the resin was extensively washed with THF (3 × 10 mL, 2 min) and CH2Cl2 (3 × 10 mL, 2 min). The 
N-alkylated β-peptidosulfonamide-peptide hybrids were deprotected and cleaved from the resin 
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with TFA/TIS/H2O 95:2.5:2.5 v/v/v for 3 h. The crude β-peptidosulfonamide-peptide hybrids 
were precipitated in cold MTBE/hexane 1:1 v/v at −20ºC and lyophilized from tert-BuOH/H2O 
1:1 v/v.

Peptide purification. Preparative HPLC runs were performed on a Gilson HPLC workstation 
equipped with a UV/VIS detector operating at 220/254 nm. Columns used for preparative peptide 
purification were either a LiChroCART 250-20 CN (10 μm particle size, 100Å pore size, l: 250 mm, 
i.d.: 10 mm) semipreparative column running at a flow rate of  5 mL/min or an Adsorbosphere XL 
C8 (10 μm particle size, 90Å pore size, l: 250 mm, i.d. 22 mm) column running at a flow rate of  10 
mL/min. The buffer used was 0.1% TFA in H2O (buffer A) and 0.1% TFA in CH3CN/H2O 95:5 
v/v (buffer B) using a linear gradient from 100% buffer A to 100% buffer B in 60 min.

Peptide characterization. Analytical HPLC runs were performed on a Shimadzu automated 
HPLC system equipped with a UV/VIS detector operating at 220/254 nm and an evaporative light 
scattering detector. Columns used for purity analyses were either an Adsorbosphere XL C8 (5 μm 
particle size, 90Å pore size, l: 250 mm, i.d.: 4.6 mm) column or an Adsorbosphere XL C4 (5 μm 
particle size, 300Å pore size, l: 250 mm, i.d.: 4.6 mm) column using a linear gradient from 100% 
buffer A to 100% buffer B in 40 min at a flow rate of  1 mL/min. Two buffer systems were used, 
the first buffer system was: buffer A: 0.1% TFA in H2O and buffer B: 0.085% TFA in CH3CN/
H2O 95:5 v/v and the second buffer system was: buffer A: 50 mM triethylamine/H3PO4 in H2O/
CH3CN (8:2 v/v) pH 2.25 and buffer B was 50 mM TEA/H3PO4 in CH3CN/2-propanol/H2O 
(10:9:1 v/v/v) pH 2.25. Peptides were characterized using electrospray mass spectrometry (EI-MS) 
and was performed on a Shimadzu LCMS-QP8000 single quadruple bench top mass spectrometer 
operating in a positive ionization mode and MALDI-TOF analyses on a Kratos Axima CFR 
apparatus, with human angiotensin II as external reference (monoisotopic (M + H)+: 1046.542) 
and α-cyano-4-hydroxycinnamic acid or 2,5-dihydroxybenzoic acid as matrices.

Gelation experiments. Each peptide sample (10 mg) was dissolved in 0.1% TFA/H2O (1 mL) at 
25°C. The aggregation state was determined by eye at regular time intervals by tilting the test tube 
and check if  the solution still flowed. If  no flow was observed, gelation was said to have taken 
place.

Transmission electron microscopy. A peptide gel/solution (10 mg peptide/mL in 0.1% TFA/
H2O) aged for three weeks (10 μL) was placed on a carbon coated copper grid. After 15 min, 
any excess of  peptide was removed by washing the copper grid on a drop of  demi-water (this 
was repeated four times) Finally, the samples were stained by methylcellulose/uranyl acetate and 
dried on air. The samples were visualized under a Jeol 1200 EX transmission electron microscope 
operating at 60 kV. The magnification ranged from 10,000 to 60,000 times.

Fourier transform infrared spectroscopy. A peptide gel/solution (10 mg peptide/mL in 0.1% 
TFA/H2O) aged for three weeks (100 μL) was lyophilized and subsequently resuspended in D2O 
(150 μL) and lyophilized. This treatment was repeated twice. The lyophilized peptides were dried 
over P2O5 in high vacuum for 24h. A peptide sample was mixed with KBr and pressed into a pellet. 
The optical chamber was flushed with dry nitrogen for 5 min before data collection started. The 
interferograms from 1000 scans with a resolution of  2 cm-1 were averaged and corrected for H2O 
and KBr. The experimental FTIR spectra were correlated with data from the literature.23
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Circular dichroism spectroscopy. CD spectra were measured at 1.0 nm intervals in the range of  
195-250 nm as the average of  20 runs using a spectral band width of  2.0 nm in 0.5 mm cuvettes 
thermostated at 20°C with the optical chamber continually flushed with dry N2 gas. The spectra 
were measured in 0.1% TFA in H2O. The concentrations (1 mg/mL) were determined on the basis 
of  the calculated molecular mass of  the purified lyophilized peptides as TFA-salt. A peptide sample 
was dissolved in 0.1% TFA in H2O and stored during 4 days at 4°C prior analysis. A second buffer 
system49 was used in the CD experiments (1.8 mM NaH2PO4, 8.2 mM Na2HPO4 in 100 mM NaCl 
at pH 7.4) at the same concentration and conditions as described for the TFA buffer.
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Chapter 5

Selective backbone benzylation of  an aminooxy moiety 
retards fibril formation of  a highly amyloidogenic peptide 
sequence.
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Introduction
During the last recent years, α-aminooxy peptides have been studied intensively due to 
their ability to induce interesting folding motifs of  the peptide backbone. The α-aminooxy 
moiety can form a strong intramolecular hydrogen bond via a so-called N-O turn which 
gives rise to a novel class of  foldamers.1 On the other hand it has been shown that 
incorporation of  an α-aminooxy moiety into a peptide sequence renders this peptide to be 
stable against proteases comparable to β-peptides as described by Seebach et al.2 However, 
the electrostatic repulsion of  the lone pairs on nitrogen and oxygen restricts the rotation 
around the N-O bond which makes α-aminooxy peptides more rigid than β-peptides.3 
Recently, we have shown that replacement of  a native amide bond by either an ester moiety 
(to obtain a depsipeptide), a peptoid (N-alkyl glycine), an N-alkyl amino acid, a β-amino 
acid, a β-aminoethane sulfonamide or an N-alkylated β-aminoethane sulfonamide in a 
peptide backbone had a tremendous influence on the folding behavior of  an amyloidogenic 
peptide since fibril formation was abrogated and several supramolecular folding motifs 
like, lamellar sheets, helical tapes and nanotubes were observed.4 Incorporation of  an α-
aminooxy moiety, or its N-alkylated congener, as an amide bond mimic in an amyloid 
peptide would be an attractive alternative for modulating the hydrogen bond pattern to 
disrupt amyloid fibril formation or to induce supramolecular folding behavior.

Figure 1. Native amylin(20-29) 1 and the α-aminooxy peptide 2 and its N-benzylated congener peptide 3.
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Results and discussion
In our studies we used the highly amyloidogenic peptide sequence (20-29) of  the human 
Islet Amyloid PolyPeptide (hIAPP or amylin): H-Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Ser-
Ser-NH2 (1)5 and its α-aminooxy- and N-benzylated derivative 2, respectively 3 (Figure 1). 
Peptide 1 was synthesized using Fmoc/tert-Bu SPPS protocols on an Fmoc-Rink AMide 
TentaGel (“RAM”) resin to obtain the C-terminal peptide amide. For the synthesis of  
α-aminooxy peptide 2 (Scheme 1) Fmoc-Ser(tBu)-RAM was treated with piperidine/NMP 
to remove the Fmoc group and the free α-amine was treated with 2-(1,3-dioxoisoindolin-
2-yloxy)acetic acid (4) in the presence of  HBTU/HOBt/DIPEA as a coupling reagent in 
NMP to give 5. After 1 h, the coupling was complete as judged by the Kaiser test.6 

Scheme 1. Solid phase synthesis of  α-aminooxy peptide 2 and its N-benzylated congener peptide 3.
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Then, the phthaloyl group of  5 was removed within 30 min by treatment with a methanolic 
solution of  hydrazine (5%). The resulting α-aminooxy moiety was coupled to Fmoc-Leu-
OH with HBTU/HOBt/DIPEA in NMP for 16 h to give 6. Completeness of  the reaction 
was confirmed by a TNBS test (TNBS: 2,4,6-trinitrobenzenesulfonic acid).7 The synthesis 
of  protected peptide 2 (i.e. 7, Scheme 1) was completed by Fmoc/tert-Bu SPPS protocols in 
which the N-terminal serine was introduced as Boc-Ser(tBu)-OH since the Fmoc derivative 
was not stable during the Mitsunobu conditions (vide infra).

For the synthesis of  peptide 3, resin-bound and protected peptide 2 (i.e. 7, Scheme 1) 
was alkylated featuring a Mitsunobu reaction with PPh3/DIAD and benzylalcohol in 
freshly distilled THF.8 These conditions were previously used for the on-resin alkylation 
of  β-peptidosulfonamide-peptide hybrids and are described in Chapter 4.4b Despite the 
rather basic reaction conditions, it was found that benzylation proceeded selectively on 
the α-aminooxy moiety due to its increased acidity/nucleophilicity compared to amide 
functionalities. After cleavage from the resin and deprotection by TFA in the presence of  
scavengers, peptides 2 and 3 were obtained after HPLC purification and characterization by 
LCMS, in overall yields of  15% (91% per reaction step) and 8% (89% per reaction step), 
respectively.
The current method for the synthesis of  N-alkylated α-aminooxy derivatives and their 
subsequent incorporation into a peptide sequence depends on a multistep solution synthesis.9 
In this and previous work on β-aminoethane sulfonyl amide containing peptides,4b we 
have shown that regio- and chemoselective N-alkylation of  the peptide backbone can be 
performed directly on the solid support thereby avoiding the synthesis of  individual N-
alkylated α-aminooxy building blocks.10

To study the influence of  the aminooxy moiety on the aggregation behavior, the peptides 
were dissolved in buffer (10 mg/mL in 0.1% TFA/H2O at pH 1) and native amylin(20-
29) 1 was used as a control. This peptide slowly dissolved in 0.1% TFA/H2O and rapidly 
(within less than 10 min) formed an opalescent gel. Typical amyloid fibrils were visible by 
transmission electron microscopy (TEM),4b and their presence was confirmed by circular 
dichroism spectroscopy (CD, Figure 2) and Fourier transform infrared spectroscopy (FTIR) 
since the typical type I amide absorption at ν 1630 cm-1, characteristic for an antiparallel β-
sheet, was observed.
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Figure 2. CD spectra (Conditions: 1 mg/mL in 0.1% TFA/H2O at pH 1, aged for three weeks).

Aminooxy peptide 2 was dissolved in 0.1% TFA/H2O and the clear solution rapidly (within 
5 min) transformed into a glass-like gel. TEM analysis of  this gel showed the presence of  
fibril-like assemblies (Figure 3A). However, the CD spectrum of  2 was clearly different from 
native amylin(20-29) 1 (Figure 2), while the FTIR spectrum showed a strong absorption at 
ν 1633 cm-1, indicative of  a β-sheet. The CD spectrum of  2 may be due to a random coil 
conformation, however it can also be assigned to a β-sheet-like secondary conformation 
with a twisted peptide backbone.11 The latter conformation is also in agreement with 
the measured type I amide IR absorption frequency.12 These observations showed that 
incorporation of  an α-aminooxy moiety did not disturb the hydrogen bond network in an 
ideal antiparallel β-sheet as is illustrated in Figure 4A (vide infra).

Figure 3. TEM. Scale bar represents 500 nm (Conditions: 10 mg/mL in 0.1% TFA/H2O at pH 1, aged for 
three weeks). Aminooxy peptide 2 (A) and benzylated aminooxy peptide 3 (B).
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Benzylated aminooxy peptide 3 behaved rather differently. After dissolution in 0.1% TFA/
H2O, a gel did not form for a least three weeks upon standing at 4 °C. TEM analysis showed 
the presence of  some individual fibril-like structures (Figure 3B), while FTIR showed an 
absorption at 1672 cm-1 and CD indicated a less ordered structure in solution, tending to 
a random coil conformation. Apparently, backbone benzylation of  aminooxy peptide 2 
retards the tendency to form amyloid fibrils by disrupting the hydrogen bond pattern in a 
cross β-sheet conformation as shown in Figure 4A.

Figure 4. A: The hydrogen bond pattern present in the β-sheet orientation of  the aminooxy peptide.       
B: Introduction of  a sterically demanding group and removal of  a strong hydrogen bond donor may be 
responsible for inhibition of  β-sheet stacking.

The α-aminooxy peptide 2 formed amyloid fibrils and, as is shown in Figure 4A, the hydrogen 
bond pattern is conserved in the core region of  amylin(20-29). Apparently, the strong 
hydrogen bond involving the aminooxy moiety counterbalanced the repulsion between the 
carbonyl oxygen atoms. In a previous study4b substitution of  Leu27 of  amylin(20-29) by a 
β-aminoethane sulfonyl amide also resulted in a stronger hydrogen bond donor at this same 
position. However, in that case, fibril formation was significantly reduced: indicative of  the 
β-sheet breaker properties of  a β-aminoethane sulfonyl amide moiety.
Removal of  the strong hydrogen bond by N-alkylation of  the α-aminooxy moiety resulted 
in the inhibition of  fibril formation of  the amylin(20-29) sequence. It is assumed that the 
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hydrogen bond network is disrupted by the absence of  the essential hydrogen bond donor13 
and by sterical hindrance induced by the benzyl moiety. In principle, N-alkylation is not 
restricted to a benzyl moiety since a diverse set of  alcohols can be used in the Mitsunobu 
reaction. N-alkylation is however a well accepted approach for the design of  β-sheet breaker 
peptides. Since the seminal papers of  Tjernberg14 and Soto15 −describing N-methylated 
Aβ(16/17-20) peptides, involved in Alzheimer’s Disease, for inhibition amyloid formation 
− many additional examples have appeared in the literature. In the majority of  these 
examples N-methylated amino acid residues have been used and the incorporation of  other 
N-alkylated derivatives is rather limited caused either by poor commercial availability or due 
to inefficient amide alkylation reactions. Thus regio- and chemoselective N-alkylation of  
the α-aminooxy respectively β-aminoethane sulfonyl amide moiety4b in a peptide backbone 
is maybe versatile approach for the development of  novel β-sheet breaker peptides.
To conclude, the solid phase synthesis of  two backbone modified peptides in which a single 
amide bond was substituted by an α-aminooxy derivative and its subsequent N-benzylation 
featuring a Mitsunobu reaction is described. It turned out that amide to α-aminooxy 
substitution was not sufficient for disrupting β-sheet formation of  the amyloidogenic 
peptide sequence. To achieve this, N-benzylation of  the α-aminooxy moiety was necessary 
to remove an essential hydrogen bond. Insight into the subtle role of  hydrogen bonds will 
help to understand the molecular basis of  amyloid formation and in the design of  β-sheet 
breaker peptides.

Experimental Methods

General. Chemicals were obtained from commercial sources and used without further purification. 
Peptide grade solvents used for solid phase peptide synthesis were purchased from Biosolve (The 
Netherlands) and were stored on 4Å molecular sieves. Peptides were purified using a Gilson HPLC 
workstation. Analytical HPLC runs were performed on a Shimadzu automated HPLC system. 
Peptides were characterized using Electro Spray Mass Spectrometry (EI-MS) and was performed on 
a Shimadzu LCMS-QP8000 single quadruple bench top mass spectrometer operating in a positive 
ionization mode. CD-spectroscopy was carried out using a Olis RSM-1000 spectrometer. Electron 
microscopy was performed using a Jeol 1200 EX transmission electron microscope operating at 60 
kV. IR spectra were recorded on a BioRad FTS6000.

Phthalimidooxyacetic acid (4). To a solution of  N-hydroxy phthalimide (1.6 g, 10 mmol) and 
tert-butyl bromoacetate (1.5 mL, 10 mmol) in THF (50 mL) triethylamine (1.4 mL, 10 mmol) was 
added in one portion. The reaction mixture was stirred for 72 h and then concentrated in vacuo. 
The crude product was then redissolved in EtOAc (75 mL) and the solution was washed with water 
(50 mL), KHSO4 (1N, 2 times 50 mL) and brine (50 mL). The organic layer was dried on Na2SO4 
and concentrated in vacuo. Subsequently, the tert-butyl ester was dissolved in of  CH2Cl2 (25 mL) 
and TFA (25 mL) was added. The reaction mixture was stirred for 2 h and concentrated in vacuo. 
Finally, the product was coevaporated with toluene and chloroform. The product was obtained as a 
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white powder in 86% yield (1.9 g). Analysis data were in agreement with literature.16 Rf: 0.66 (eluent: 
MeOH) 1H-NMR (300 MHz, CDCl3/MeOD 8:2 v/v) δ: 7.88-7.79 (m, 4H, CH phthalimide), 4.49 
(s, 2H, CH2). 

13C-NMR (75 MHz, CDCl3/MeOD 8:2 v/v) δ: 168.8, 163.0, 134.6, 128.4, 123.5, 72.7. 
Elemental analysis calcd for C10H7NO5: C 54.31, H 3.19, N 6.33; found: C 54.42, H 3.08, N 6.25. 

Mitsunobu conditions: The resin was dried in vacuo and washed with freshly distilled THF (3 × 
2 min, 10mL). To the resin, dry THF (10 mL), PPh3 (136 mg, 0.52 mmol), benzylalcohol (54 μL, 
0.52 mmol) and DIAD (103 μL, 0.52 mmol) were added. The resin was agitated for 16 h at room 
temperature. Then, the resin was washed with THF (3 × 2 min, 10 mL) and CH2Cl2 (3 × 2 min, 
10 mL).

Peptide synthesis. A Tentagel resin functionalized with a Rink Amide linker was used to obtain the 
C-terminal peptide amide. Fmoc-protected amino acids were coupled with HBTU/HOBt/DIPEA 
as coupling reagents and the reaction was monitored with the Kaiser test.6 Phthalimidooxyacetic 
acid 4 was coupled to the free amine of  H-Ser(tBu)-RAM using HBTU/HOBt/DIPEA as coupling 
reagents.  Deprotection of  the phthaloylgroup was performed by treatment with a 5% hydrazine 
solution in MeOH (2 × 15 min). Fmoc-Leu-OH was then coupled for 16h with HBTU/HOBt/
DIPEA as coupling reagents. After completion of  the synthesis using Fmoc/tBu chemistry, the 
peptide was cleaved from the resin and deprotected using a mixture of  TFA/H2O/TIS/EDT 
85:8.5:2:4.5 v/v/v/v for 3 h at room temperature. Then, the peptides were precipitated in cold 
MTBE/hexane 1:1 v/v (-20°C) and lyophilized from tert-BuOH/H2O 1:1 v/v to give the crude 
product. Peptides 2 and 3 were obtained after purification in a yield of  12 mg (15%) and 7 mg 
(8%), respectively. EI-MS m/z; [M+H]+ peptide 2; found (calcd): 995.70 (995.08), peptide 3; found 
(calcd): 1086.35 (1084.20). Retention times HPLC: peptide 2: 16.07 min., peptide 3: 17.78 min.

Peptide purification. The crude lyophilized peptides were dissolved in a minimum amount of  
buffer B, diluted with buffer A and loaded onto an Adsorbosphere XL C8 HPLC column (90Å 
pore size, 10 μm particle size, 2.2 × 25 cm). The peptides were eluted with a flow rate of  10 mL/
min using a linear gradient of  buffer B (100% in 40 min) from 100% buffer A (buffer A: 0.1% 
TFA in CH3CN/H2O 5:95 v/v, buffer B: 0.1% TFA in CH3CN/H2O 95:5 v/v). The purities were 
evaluated by analytical HPLC on an Adsorbosphere XL C8 column (90Å pore size, 5 μm particle 
size, 0.46 × 25 cm) at a flow rate of  1.0 mL/min using a linear gradient of  buffer B (100% in 20 
min) from 100% buffer A (buffer A: 0.1% TFA in CH3CN/H2O 5:95 v/v; buffer B: 0.1% TFA in 
CH3CN/H2O 95:5 v/v).

Transmission Electron Microscopy. The peptide solution (10 mg/mL) was aged for three weeks  
and 10 μL was placed on a carbon coated copper grid. After 15 min, any excess of  peptide was 
removed by washing the copper grid on a drop of  demi-water (this was repeated five times). Finally, 
the samples were stained by methylcellulose/uranyl acetate and dried on air.
 
Circular Dichroism. CD spectra were measured at 1.0 nm intervals in the range of  195-260 nm 
as the average of  10 scans using a spectral band width of  2.0 nm in 1 mm cuvettes thermostated 
at 20°C with the optical chamber continually flushed with dry N2 gas. The spectra were measured 
at pH 1; 0.1% TFA in H2O. A peptide sample was dissolved in buffer and stored during 3 weeks 
at 4°C prior analysis.
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Fourier transform infrared spectroscopy. A peptide gel/solution aged for three weeks (100 μL) 
was lyophilized and subsequently resuspended in D2O (150 μL) and lyophilized. This treatment 
was repeated twice. A peptide sample was mixed with KBr and pressed into a pellet. The optical 
chamber was flushed with dry nitrogen for 1 min before data collection started. The interferograms 
from 128 scans with a resolution of  2 cm-1 were averaged and corrected for H2O and KBr.
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Chapter 6

Mirror image supramolecular helical tapes formed 
by the enantiomeric-depsipeptide derivatives of  the 
amyloidogenic peptide amylin(20-29).

This chapter has been published as: Elgersma, R. C.; Mulder, G. E.; Posthuma, G.; Rijkers, D. T. S.; 
Liskamp, R. M. J. Mirror image supramolecular helical tapes formed by the enantiomeric-depsipeptide 
derivatives of  the amyloidogenic peptide amylin(20-29). Tetrahedron Letters 2008, 49(6), 987-991.
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Introduction
Amyloid formation is the most prominent example of  protein self-assembly and represents 
a self-propagating process responsible for the formation of  supramolecular assemblies like 
amyloid fibrils, amyloidogenic plaques and proteinaceous aggregates.1 Amylin consisting 
of  37 amino acid residues is a highly amyloidogenic peptide and is involved in type 2 
diabetes (late onset diabetes) since fibrillar deposits of  amylin are cytotoxic for β-cells and 
subsequently responsible for insulin insufficiency.2 The sequence of  amino acid residues 
20-29: Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Ser-Ser 1 (Figure 1) is recognized as the most 
amyloidogenic sequence within amylin3 and rapidly forms amyloid fibrils.

Figure 1. Structures of  native amylin(20-29) (1) and the corresponding depsipeptide (2) and inverso-
depsipeptide (3).

Based on this sequence, we have designed depsipeptide 2 as a potential β-sheet breaker 
peptide, since essential amide bonds involved in β-sheet formation have been replaced 
by ester moieties to disrupt the hydrogen bonding network of  the antiparallel β-sheet.4 
However, it turned out that depsipeptide 2 was substantially less potent as a β-sheet breaker 
than expected since this peptide gave rise to self-assembly leading to helical tapes and 
peptide nanotubes. Structural investigations by FTIR (Table 1) and CD spectroscopy 
(Figure 2) showed that the characteristic properties of  a β-sheet secondary structure were 
absent in case of  depsipeptide 2. Based on these data it was concluded that the increased 
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hydrophobicity and intrinsic chirality of  the depsipeptide were responsible for the self-
assembly into helical tapes rather than a hydrogen bond driven process.4

Figure 2. CD spectra of  native amylin(20-29) (1), depsipeptide (2), the inverso-depsipeptide (3), and a 
racemic mixture (1:1 wt/wt) of  depsipeptide (2)/inverso-depsipeptide (3). The peptides were dissolved in 
0.1% TFA/H2O (1 mg/mL, pH 1) and aged for one week (at 4 °C) prior to analysis.

In the recent literature, several reports describe the transformation of  the molecular 
chirality of  a peptide into the handedness or twist of  the supramolecular construct.5 
Peptides which have a propensity to β-sheet formation, self-assemble into diverse types of  
twisted morphologies such as helical tapes, twisted ribbons, fibrils and fibers.6,7 The twist 
supposedly stems from the intrinsic chirality of  the L-amino acid building blocks of  the 
peptide. Theoretical studies on the origin of  β-sheet twisting demonstrate the right-handed 
twist of  a β-strand8 which gives rise to a left-handed twist around the long axis of  the 
tape.6
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Table 1. Physicochemical properties of  the amylin(20-29) derivatives.

aTypical amide I absorption frequency (cm-1), 1630: aggregated β-sheets; 1640: unordered structure; 1675: 
antiparallel β-sheet; 1740 carbonyl in ester bond, according to reference 14.
bAs observed by TEM.

Synthesis
To obtain more insight into the self-assembly of  depsipeptide 2, and especially with respect 
to the handedness of  the supramolecular helical tapes, the enantiomer of  2, inverso-
depsipeptide 3, was synthesized. The synthesis of  3 started with the conversion of  (2R,3R)-2-
amino-3-methylpentanoic acid (D-isoleucine, 4) into its corresponding α-hydroxy derivative 
(H-Ilec-OH) in the presence of  NaNO2/H2SO4 according to the procedure described by 
Shin et al.9 followed by the esterification with allylbromide/K2CO3 to give α-hydroxy ester 5 
in 54% overall yield (Scheme 1). Then, Fmoc-D-Ala-OH was coupled with DCC/DMAP 
as coupling reagents and the protected depsidipeptide was obtained in 70% yield. Finally, 
the allyl group was removed by treatment with Pd(PPh3)4/phenylsilane to give Fmoc-D-
Ala-D-Ilec-OH (6) in 95% yield. Building block 6 was used in the solid phase synthesis of  
the inverso-depsipeptide 3 analogously as was previously described in Chapter 2 (Scheme 
2) for depsipeptide 2.4 

Scheme 1. Synthesis of  Fmoc-D-Ala-D-Ile-OH (6).

Compound 
 

Rt 
(min) 

ESMS (M + H)+ 
found (calcd) 

FTIRa 
(cm-1) 

Morphologyb 

1 17.15 1008.65 (1008.50) 1631 (s) Typical amyloid fibrils 
L-depsipeptide 2 

 
17.57 981.45 (981.45) 1663 (s) 

1640 (m) 
1740 (w) 

Left-handed helical tapes 
Helical tapes progressing into 

tubes 
D-depsipeptide 3 

 
17.60 981.45 (981.45) 

 
[M + Na]+ 1002.75 

1663 (s) 
1640 (m) 
1739 (w) 

Right-handed helical tapes 
Closed tubes 

2 + 3 (1:1 w/w) - - - Flat ribbons 
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Scheme 2. Synthesis of  inverso-depsipeptide 3.

Results and discussion
Native amylin(20-29) 1 was used as the reference peptide. A solution of  1 (10 mg/mL 
in 0.1% TFA/H2O, pH 1) rapidly formed an opaque gel since gelation is an indication 
of  peptide fibrillization at sufficient high concentration. Formation of  amyloid fibrils 
was verified by transmission electron microscopy (TEM),4,10 FTIR (Table 1)11 and CD 
spectroscopy (Figure 2).12 Depsipeptide 2 was dissolved in 0.1% TFA/H2O (10 mg/mL, 
pH 1) and rapidly (within 10 min) gelled the solution upon standing at 4 °C. TEM studies 
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on the supramolecular morphology of  depsipeptide 2 showed a left-handed twist (Figure 
3A). Furthermore, helical tapes progressing into a peptide nanotube (Figure 3B) and closed 
peptide nanotubes, up to 10 μm in length (Figure 3C) were observed. Although FTIR and 
CD spectroscopy showed that depsipeptide 2 did not assume a β-sheet, the macroscopic 
left-handed twist of  the helical tape corresponded to that of  a regular β-sheet peptide.6 
The CD experiments were performed at a peptide concentration of  1 mg/mL to ensure a 
translucent solution. Furthermore, it was shown by HPLC (experimental section) that the 
solution was not depleted by precipitation or aggregation of  depsipeptide 2 which was an 
indication that the CD signal corresponded to the conformation of  depsipeptide 2 and not 
to a small remainder of  the soluble form.

Figure 3. TEM-images of  depsipeptide (2): A: Intertwined self-assembled helical ribbons (left-handed); 
B: Helical ribbons progressing into a peptide nanotube; C: A self-assembled peptide nanotube. Scale bars 
represent 1 μm (conditions: 10 mg/mL 0.1% TFA/H2O, pH 1).

Similar to depsipeptide 2, the enantiomeric depsipeptide 3 also rapidly turned the solution 
into a gel (10 mg/mL in 0.1% TFA/H2O, pH 1). Likewise, inverso-depsipeptide 3 did 
not show characteristic β-sheet features (Table 1 and Figure 2) either and displayed the 
expected opposite Cotton effect of  depsipeptide 2 of  the CD curve. Inspection by TEM 
evidenced the presence of  a right-handed helical tape (Figure 4A) which progressed into 
closed peptide nanotubes (Figure 4B).
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Figure 4. TEM-images of  inverso-depsipeptide (3): A: Self-assembled helical ribbons (right-handed); B: 
Two helical ribbons progressing into a peptide nanotube. Scale bars represent 100 nm (Figure 4A) and 500 
nm (Figure 4B) (conditions: 10 mg peptide/mL 0.1% TFA/H2O, pH 1).

A racemic mixture formed by an equimolar amount of  2 and 3 was still able to gel the 
solvent after dissolution in 0.1% TFA/H2O (10 mg/mL, pH 1) and showed a baseline-
like absorption by CD spectroscopy (Figure 2). However, TEM images did not show the 
presence of  helical entities, rather flat ribbons were observed (Figure 5) which might be 
indicative of  ‘racemate’ ribbons through cross-recognition of  depsipeptide 2 and inverso-
depsipeptide 3 during the process of  self-assembly.

Figure 5. TEM-images of  a racemic mixture of  depsipeptide (2) and inverso-depsipeptide (3). Scale bars 
represent 500 nm (conditions: 10 mg peptide/mL 0.1% TFA/H2O, pH 1).

It is known from the literature that cross-recognition between L- and D-peptides −to inhibit 
β-sheet- or amyloid formation− is not often observed,13 probably due to a less efficient 
hydrogen bonding network between both enantiomers.5e However, the racemic mixture 
of  2 and 3 did not lead to self-sorting into individual left-handed (L-depsipeptide, 2) and 
right-handed (D-depsipeptide = inverso-depsipeptide, 3) nanostructures as was observed 
by Stupp and coworkers in case of  their chiral dendron rodcoils.5d Apparently, our 
backbone-modified depsipeptides, showed a certain degree of  cross-recognition between 
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both enantiomers leading to formation of  supramolecular tapes, possibly because the 
intermolecular interactions are dominated by hydrophobic interactions of  the amino acid 
side chains rather than intermolecular hydrogen bonding via the peptide backbone. We 
believe that insight into the driving forces of  these recognition processes will be valuable 
for the design of  supramolecular bionanomaterials14 and for the development of  potential 
amyloid formation inhibitors.

Conclusions
In conclusion, we described the synthesis of  the enantiomeric depsipeptide derived from 
the highly amyloidogenic peptide sequence amylin(20-29) and reported on the ability of  
these enantiomeric homochiral depsipeptides to direct the handedness of  the resulting 
supramolecular tapes.

Experimental Section

General. Chemicals were obtained from commercial sources and used without further purification, 
unless stated otherwise. Peptide grade solvents used for solid phase peptide synthesis were 
purchased from Biosolve and were stored on 4Å MS. Analytical HPLC runs were performed on 
a Shimadzu automated HPLC system equipped with a UV/VIS detector operating at 220/254 
nm and an evaporative light scattering detector (Polymer Laboratories ELS 1000). Peptides were 
purified using a Gilson HPLC workstation. Infrared spectra were recorded on a BioRad FTS6000 
spectrometer. CD-spectroscopy was performed on a Olis RSM-1000 spectrometer. Transmission 
electron microscopy experiments were performed on a Jeol 1200 EX operating at 60 kV.

Synthesis of  (2R,3R)-allyl 2-hydroxy-3-methylpentanoate (5). The synthesis of  (2R,3R)-2-
hydroxy-3-methylpentanoic acid starting from D-isoleucine was performed according to the 
procedures described in Chapter 2.9 D-Isoleucine (2 g, 15.4 mmol) was dissolved in 2.5N H2SO4 
(12.5 mL) and cooled to 0˚. A solution of  NaNO2 (2.1 g, 30.5 mmol) in H2O (20 mL) was added 
dropwise during 1 h and the obtained reaction mixture was stirred for 2 h at 0˚C followed by 20h 
at room temperature. Then, the reaction mixture was extracted with diethyl ether (3 × 50 mL). The 
combined organic layers were washed with brine (30 mL) and dried with Na2SO4 and concentrated 
under reduced pressure. The product was obtained as a colorless oil (1.85 g, 93%). Rf  = 0.32 
(CH2Cl2/MeOH 95:5 v/v). 1H NMR (300 MHz, CDCl3): δ 0.93 (t, 3H, δCH3), 1.02 (d, 3H, γCH3 
Ilec), 1.18-1.49 (m, 2H, γCH2), 1.88 (m, 1H, βCH), 4.18 (d, 1H, αCH); 13C NMR (75 MHz, CDCl3): 
δ 11.7, 15.3, 23.6, 38.9, 74.6, 179.1. Optical rotation and spectroscopic data were in agreement with 
the literature. 
Crude (2R,3R)-2-hydroxy-3-methylpentanoic acid (1.81 g, 13.5 mmol) was dissolved in acetone (50 
mL) and K2CO3 (2.85 g, 20.3 mmol) followed by allylbromide (2.4 mL, 27 mmol) were added and 
the obtained reaction mixture was stirred for 24 h. After concentration in vacuo, the residue was 
redissolved in EtOAc (50 mL) and the solution was washed with 5% aqueous NaHCO3 (2 × 25 mL) 
and brine (25 mL), dried (Na2SO4) and concentrated in vacuo to obtain (2R,3R)-allyl 2-hydroxy-
3-methylpentanoate (5) as a colorless oil in 58% yield (1.34 g). Rf  0.76 (CH2Cl2/MeOH 98:2 v/v); 
[α]D −5.8° (c 1, CHCl3); 

1H NMR (300 MHz, CDCl3): δ 0.90 (t (J 7.4 Hz), 3H, δCH3), 0.99 (d (J 6.9 
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Hz), 3H, γ’CH3), 1.32-1.39 (double m, 2H, γCH2), 1.83 (m, 1H, βCH), 2.77 (broad s, 1H, OH), 4.11 
(d (J 3.9 Hz), 1H, αCH), 4.69 (m, 2H, ~O-CH2), 5.26-5.39 (m, 3H, C=CH2), 5.93 (m, 1H, C=CH); 
13C NMR (75 MHz, CDCl3): δ 11.7, 15.4, 23.7, 39.1, 66.0, 74.8, 119.0, 131.5, 174.7.

Synthesis of  Fmoc-D-Ala-D-Ilec-OH (6). The synthesis was carried out as described for 
its enantiomer Fmoc-L-Ala-L-Ilec-OH (chapter 2).4 Based on allyl ester 5 (930 mg, 5.4 mmol), 
compound 6 was obtained as a white solid in 67% overall yield (403 mg). Rf  0.40 (CH2Cl2/MeOH 
95:5 v/v); [α]D +11.2° (c 1, CHCl3); 

1H NMR (300 MHz, CDCl3): δ 0.93 (t (J 7.4 Hz), 3H, δCH3 
Ilec), 1.01 (d (J 6.9 Hz), 3H, γ’CH3 Ilec), 1.28-1.55 (5H, γCH2 Ilec (double m)/βCH3 Ala (d (J 6.9 
Hz)), 2.04 (m, 1H, βCH Ilec), 4.23 (t (J 6.8 Hz), 1H, CH Fmoc), 4.39 (d (J 6.8 Hz), 2H, CH2 Fmoc), 
4.48 (m, 1H, αCH Ala), 5.05 (d (J 3.9 Hz), 1H, αCH Ilec), 5.34 (d (J 7.4 Hz), 1H, NH), 7.13-7.77 
( broad m, 8H, arom Fmoc); 13C (75 MHz, CDCl3): δ 11.6, 15.3, 18.4, 24.4, 36.5, 47.1, 49.5, 67.1, 
76.6, 120.0, 125.1, 127.1, 127.7, 141.3, 143.7, 155.8, 172.8, 173.8.

Solid phase synthesis of  inverso-depsipeptide 3 (the synthesis was performed analogously as 
described in chapter 2 for 24). Tentagel resin functionalized with a Rink Amide linker was used 
to obtain the C-terminal peptide amide. Fmoc-protected amino acids were coupled with HBTU/
HOBt/DIPEA as coupling reagents and the reaction was monitored with the Kaiser test.15 Amino 
acid couplings to an alcohol moiety were performed with DIC in the presence of  a catalytic amount 
of  DMAP. The depsidipeptide Fmoc-D-Ala-D-Ilec-OH (6) was introduced by using HATU/
HOAt/DIPEA to ensure a rapid and complete coupling. After completion of  the synthesis, 
the peptide was deprotected and detached from the resin by treatment with TFA, purified by 
preparative HPLC and characterized by analytical HPLC and mass spectrometry. Purification was 
performed by dissolving 50 mg of  the crude peptide in a minimum amount of  buffer A and loaded 
onto an Adsorbosphere XL C8 HPLC column (90Å pore size, 10 μm particle size, 2.2 × 25 cm). 
The peptide was eluted with a flow rate of  10 mL/min using a linear gradient of  buffer B (100% 
in 40 min) from 100% buffer A (buffer A: 0.1% TFA in CH3CN/H2O 5:95 v/v, buffer B: 0.1% 
TFA in CH3CN/H2O 95:5 v/v). Compound 3 was obtained in 32% yield (16 mg). The purity was 
evaluated by analytical HPLC on an Adsorbosphere XL C8 column (90Å pore size, 5 μm particle 
size, 0.46 × 25 cm) at a flow rate of  1.0 mL/min using a linear gradient of  buffer B (100% in 20 
min) from 100% buffer A. The peptide was characterized using electrospray mass spectrometry 
(EI-MS) which was performed on a Shimadzu LCMS-QP8000 single quadruple bench top mass 
spectrometer operating in a positive ionization mode.

Circular dichroism spectroscopy. CD spectra were measured at 1.0 nm intervals in the range 
of  195-260 nm as the average of  20 runs using a spectral band width of  2.0 nm in 1 mm cuvettes 
thermostated at 20°C with the optical chamber continually flushed with dry nitrogen gas. The 
spectra were measured in 0.1% TFA in H2O with a final concentration of  peptide of  1 mg/mL. 
A peptide sample was dissolved in 0.1% TFA in H2O and stored during 1 week at 4°C prior 
analysis.

Peptide aggregation study. To check if  the solutions used for CD-experiments were not depleted 
by aggregation over the period of  incubation, peptide 2 was dissolved and a clear solution was 
obtained which was centrifuged and the supernatant was directly analyzed by HPLC (Figure 6).
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Figure 6. HPLC chromatogram (ELSD trace) of  a freshly prepared solution of  peptide 2 (1 mg/mL in 0.1% 
TFA/H2O, pH 1).

Figure 7. HPLC chromatogram (ELSD trace) of  an aged solution of  peptide 2 (1 mg/mL in 0.1% TFA/H2O, 
pH 1).

Next, a clear solution was prepared which was aged for two weeks at 4 °C. After this period 
of  aging aggregates could not be observed by eye. Just before HPLC analysis, the solution was 
centrifuged and the supernatant was injected onto the column (Figure 7). Identical chromatograms 
were obtained (the same retention times and peak intensities) indicating that at this peptide 
concentration the solution was not depleted by precipitation or aggregation of  peptide 2.
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Transmission electron microscopy. A peptide gel (10 mg peptide/mL in 0.1% TFA/H2O) aged 
for one week (10 μL) was placed on a carbon coated copper grid. After 15 min, any excess of  
peptide was removed by washing the copper grid on a drop of  demi-water (this was repeated four 
times) Finally, the samples were stained by methylcellulose/uranyl acetate and dried on air. The 
samples were visualized using a magnification ranging from 10,000 to 60,000 times.

Fourier transform infrared spectroscopy. A peptide gel (10 mg peptide/mL in 0.1% TFA/H2O) 
aged for one weeks (100 μL) was lyophilized and subsequently resuspended in D2O (150 μL) and 
lyophilized. This treatment was repeated twice. A peptide sample was mixed with KBr and pressed 
into a pellet. The optical chamber was flushed with dry nitrogen for 5 min before data collection 
started. The interferograms from 512 scans with a resolution of  2 cm-1 were averaged and corrected 
for H2O and KBr.
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Chapter 7

Synthesis, aggregation and membrane permeabilization 
properties of  His18Xaa (Xaa: Arg, Lys, Glu) derivatives of  
full length amylin(1-37).
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Introduction
The formation of  (proto-)fibrils and amyloid plaques has been identified as a crucial factor in 
the pathogenesis of  protein misfolding and amyloid diseases.1 Amyloid formation is initiated 
by the formation of  β-pleated sheets, peptide oligomers and protofibrils, which ultimately 
leads to membrane damage and cell death.2,3 Nowadays, more than 25 amyloid diseases 
have been related to the deposition of  fibrils, for example in Alzheimer’s-, Parkinson’s-, 
Huntington’s disease and in type II diabetes.1-5 
In type II diabetes, the protein responsible for amyloid plaque formation is amylin.4 Amylin 
is a 37 amino acid residue peptide, which is co-secreted with insulin and plays an important 
role in carbohydrate processing.5 In solution, amylin has a strong tendency to self-assemble 
into oligomers comprised of  stacked (anti-)parallel β-sheets. These intermediate oligomeric 
states, or protofibrils, have been identified as the cytotoxic species before they eventually 
self-assemble into longer insoluble macroscopic fibrils.6 During this aggregation process, 
amylin can insert into the phospholipid membrane (in vivo), forming pores in the membrane 
bilayer, resulting in a collapse of  the vital ion gradients.2,5,7 The structural oligomeric 
intermediates responsible for the cytotoxic effects are thought to be small hydrophobic 
collapsed aggregates, showing a high propensity to bind to or insert into the phospholipid 
bilayer.8 In a second step the aggregated peptide chains, embedded on or into the membrane, 
self-organize themselves slowly from a postulated α-helical-like transition state into well-
ordered β-sheets. 
Insight into the structural basis and mechanism of  protein misfolding is important in 
research of  diabetes and other diseases involving protein aggregation. Two strategies 
have been proposed for the treatment of  amyloid diseases, the first one is to stabilize the 
transiently formed α-helix to prevent the formation of  amyloid β-sheets, and the second 
one is reversal of  this process by interfering with fibril formation. The latter approach has 
recently been applied for the Alzheimer’s Aβ peptide.9-12 
It has been shown that the rate of  aggregation and toxicity of  amylin is highly sequence 
dependent.13,14 In contrast to human amylin, rat amylin does not form amyloid fibrils, due to 
the presence of  six mutations in the peptide sequence (Figure 1), five of  them are located in 
the amyloidogenic region (20-29) of  human amylin, namely Phe23Leu, Ala25Pro, Ile26Val, 
Ser28Pro and Ser29Pro. The three proline residues in this region act as β-sheet breakers, 
strongly destabilizing the extended β-strand conformation, and therefore prevent amyloid 
formation of  amylin to occur in rodents. The amino acid side chains of  Phe23 and Ile26 
in amylin are of  crucial importance for the rate of  aggregation, as recently shown by Tracz 
et al.15 
A further factor influencing aggregation appears to be histidine 18, since its imidazole 
functionality can be titrated by variation of  the pH16 and this alteration in protonation state 
plays an important role in fibril formation.
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Figure 1. Amino acid sequences of  human (hIAPP) and rat amylin (rIAPP) respectively.

This chapter describes several approaches to study the role of  histidine 18 in full-length 
amylin, to reveal the initial changes in secondary structure and fibril formation. The 
aggregation of  amylin below and near physiological pH was monitored in real-time by 
NMR spectroscopy.
Since protonation of  histidine 18 has been described to result in a lower rate of  aggregation,15-

17 it has been hypothesized that a permanent positive charge may result in a lower propensity 
to aggregate. Therefore, amylin derivatives 2 – 4 have been synthesized, in which histidine 
18 has been replaced by glutamic acid, arginine and lysine, to evaluate the influence and 
charged state of  this particular residue in a pH-dependent amyloid aggregation assay 
(Scheme 1). Both an arginine residue (pKa ~ 12.5) and a lysine residue (pKa ~ 10.4) will be 
positively charged within the pH range studied (pH 3.3 to 8.0). It should be noted that the 
non-amyloidogenic rat amylin does have an arginine residue at position 18. Furthermore, 
glutamic acid has also been incorporated to investigate a negative charge at this position 
at physiological pH. Since substitution by a neutral amino acid (Ala) has been described 
previously by Tracz et al.15 and indeed, this replacement abolishes any pH effects with 
respect to amyloid formation, we have not further investigated this type of  modification.
Amino acid 18 is located at the end of  the helical region 12-17, and it is expected that the 
charged nature of  this amino acid is important for stabilization of  the adjacent helix of  
residues 12-17 by dipolar interactions,18 thereby affecting the initial step necessary for the 
conversion to the β-sheet topology of  amyloid fibrils.
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Results and discussion
Peptide Synthesis: Full length amylin(1-37) and its derivatives 2 – 4 were synthesized according 
to a recently published protocol by Abedini et al. as shown in Scheme 1.19 The use of  
pseudoproline dipeptides in the synthesis of  amylin were of  great value, since they effectively 
prevent secondary structure formation and therefore aggregation during the synthesis of  
the amylin peptide. These pseudoproline dipeptides were indeed originally developed by 
Mutter et al.20 to facilitate the synthesis of  aggregation prone peptide sequences. After 
Fmoc/tBu solid phase peptide synthesis the peptides were cleaved from the resin and 
deprotected. Oxidation of  the peptides was performed in solution using DMSO as the 
oxidizing reagent.21 Subsequently, the peptides were purified using preparative LC-MS and 
characterized by MALDI-TOF mass spectrometry (Table 1, Figure 2).21

Scheme 1. Synthesis of  peptides 1 – 4. The incorporated pseudoprolines are represented in bold.
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Table 1. Analysis details of  the synthesis of  peptides 1 – 4.

Figure 2. MALDI-TOF spectrum of  peptide 4.

NMR-studies on human amylin(1-37) (1): Recently, Williamson and Miranker investigated non-
amyloidogenic rat amylin by NMR in order to elucidate the secondary structure of  the 
peptide in aqueous solution.23 They observed that residues 7-22 displayed a significant 
helical propensity, whereas the remainder of  the sequence, except for the disulfide bridge 
(residues Cys2-Cys7), was found to be disordered.22 Here, we performed similar NMR 1D 
and 2D experiments, however, in this case with the amyloidogenic native human amylin 
variant. 
In order to study human amylin before and during aggregation under near-physiological 
conditions, amylin was kept in a (meta)-stable non-aggregating state sufficiently long to be 
able to assign the resonances in the monomer. It is known that removing fibrillar seeds, i.e. 
small intermediate oligomeric states, from the initial peptide solution is a key factor to delay 
amyloid aggregation. 

Peptide MALDI-TOF [M+H+]+ 
found (calcd) monoisotope 

HPLC analysis 
(Rt min) 

1 3901.88 (3901.87) 18.52 
2 3920.77 (3920.91) 18.57 
3 3893.41 (3893.85) 18.72 
4 3892.57 (3892.91) 18.45 
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We started from a lyophilized peptide that was dissolved and stored in dry HFIP up to 
several hours, followed by filtration and subsequently, evaporation of  the solvent before 
dissolving the peptide in aqueous buffer.24 The pH* which is described, represents the 
measured pH in D2O. To investigate the intrinsic amyloid forming properties of  amylin, no 
helix-promoting compounds (such as trifluoroethanol) were added to the buffer solution 

Figure 3: Part of  the one-dimensional 900 MHz 1H NMR spectrum containing the amide, amino and 
aromatic resonances, recorded for various amylin peptides dissolved in distilled water (90% water / 10% 
D2O). A: amylin(1-37) 1 (0.5 mM) at pH 3.4; B: amylin(1-37) H18R 2 (0.3 mM) at pH 3.3; C: amylin(1-37) 
H18E 3 (0.2 mM) at pH 3.3 (500 MHz spectrum); D: rat amylin(1-37) (0.7 mM) at pH 3.1. Labeled residues 
indicate assigned amide protons in the sequence including other assigned protons.
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that could inhibit or catalyze fibril formation. At a low pH (pH value between 3.1 – 3.3, 
see Figure 2) the HFIP-treated amylin peptides 1 – 3 rapidly dissolved in water, and these 
peptide solutions were found to be stable for several days at 25°C (peptide concentration 
~0.5 mM).
During this time period, no change in, or intensity-loss of  the NMR signals was observed. 
Under these conditions, the spectral quality of  the amylin peptides 1 – 3 and as a reference, 
the non-amyloidogenic rat amylin, was excellent (as shown in Figure 3) which enabled a 
full chemical shift assignment of  both 1H- and proton-bound 13C resonances at natural 
abundance without the requirement for expensive labeled peptides. In the amide region 
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of  the 1D proton spectra (Figure 3), only small differences in chemicals shift around the 
mutation sites were apparent, especially for rat amylin. In general terms, however, the 
peptides shared identical chemical shifts for both the N-terminal region (residues 1 – 15) 
and the C-terminus (residues 32 – 27). Moreover, the cis-trans isomerization of  the trans-
proline residues in rat amylin only led to small additional peaks. Basically, all four amylin 
derivatives were best characterized as a random coil-like structure and had a relatively high 
propensity for α-helix formation within the residues 7 – 18. These results were in line with 
the observations made with rat amylin, described in the literature,21 which was studied in 
buffer solution (100 mM NaCl, pH 7.4).

When the HFIP-treated amylin peptide 1 (90 μM) was dissolved in a buffer solution (20 
mM Na-phosphate, pH 5 to 8 in D2O) a rapid and irreversible transition from a soluble 
form into amyloid aggregates was observed. This process could be monitored in real-time 
by NMR spectroscopy. Directly after dissolution of  the peptide, 1D NMR spectra were 
acquired at regular time intervals by measuring the intensity-loss of  the non-exchangeable 
protons that belonged to the soluble amylin monomer. The concentration of  the monomer 
was taken as the integral sum of  the methyl signals of  the isoleucine, leucine and valine 
residues (chemical shift range: 0.76 – 1.00 ppm, Figure 4). High molecular weight aggregates 
(Mw > 200 kDa) would result in very broad resonances that would not show up in the 
integrated area.

Figure 4. NMR-spectra of  human amylin. The integrated area in the chemical shift range from 0.76 to 1.00 
ppm at pH* 5.66 is shown.
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Figure 5. Time-series of  aggregation of  amylin (1) by measuring the integral decrease of  soluble amylin, 
followed in real-time in D2O, and selected for various pH* buffers at 25 °C. Integrated absolute sums 
(expressed in arbitrary units) of  the non-exchangeable methyl peaks of  Ile, Leu and Val were used as a 
measure for the concentration of  monomeric amylin peptide 1. 

Moreover, a pH change from 5 to 8 resulted in a concomitant reduction of  the solubility of  
amylin peptide 1 (at pH 8 the solubility was only 45% compared to pH 3 (data not shown)) 
and thus in a lower integral signal. The reduction of  the integrated methyl signal due to the 
aggregation of  monomeric amylin 1 as function of  time and pH is shown in Figure 5.

Careful inspection of  the 1D spectra (spectra not shown), showed that, particularly at low 
pH, proton resonances of  the monomer slowly broadened over time. In contrast, the line 
width of  the reference acetate peak (~0.1 mM) was not affected. This line broadening 
was explained by the shift in the equilibrium from monomer to a fraction of  small 
aggregates, which signals were still detectable but partially overlapped with the resonances 
of  the monomer. Alternatively, the excess line broadening might originate from a dynamic 
conformational exchange process between the amylin monomer and a growing number of  
oligomeric states.
Another observation made based on Figure 5, was that at least two types of  aggregation 
regimes could be detected after resolubilization of  the peptide in aqueous buffer; a slow 
exponential-like decay that was dominant pH* 5.38 and a typical lag-phase behaviour of  
amyloid aggregation at pH* 6.07. Curves showing both characteristics were present at 
pH* 6.66. The corresponding half–life times (t½) of  the monomer were estimated to be 
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12.3 h at pH* 5.38, and only half  that value (t½ ~5-6 h) at higher pH (e.g. 7.64). These 
relatively long half-life times did, however, not correspond to the rapid transition of  soluble 
monomeric peptide into aggregated oligomers within the first minutes after resolubilization 
in aqueous buffer. This might suggest that various types of  conformational species or 
different pathways of  aggregation contributed to the overall aggregation process of  amylin 
peptide 1.
To confirm the presence of  amyloid fibrils, all NMR samples from the aggregation time-
series of  amylin peptide 1, collected after 24 hours of  incubation, were analyzed using 
the thioflavin T fluorescence method25 and by transmission electron microscopy (data not 
shown). In all these samples, large concentrations of  amyloid deposits were detected which 
were not further quantified. Furthermore, the presence of  fibrils from peptides 1 – 4 was 
confirmed by an independent aggregation experiment (see page 119). 

NMR-studies of  amylin derivative H18R (2) and H18E (3): The aggregation behavior of  both 
peptides was monitored by NMR as described for peptide 1 (vide supra). The aggregation 
profile of  peptide 2 is shown in Figure 6A. At the highest pH values (6.63 and 7.55) the 
steep sigmoid curves revealed a rapid transition from the non-aggregated to an aggregated 
state. Both curves were representative for a nucleated amyloid-formation mechanism. The 
half-life times of  the monomer species was determined to be 4.5 h and 8.2 h at pH 6.63 and 
7.55, respectively. These observations were in sharp contrast to the situation at pH 5.44. At 
this pH, amylin peptide 2 did not aggregate and was found to be stable in solution for at 
least 40 h. Apparently, the initial conversion from the peptide monomer to low molecular 
weight oligomers was significantly reduced in the H18R (2) derivative relative to native 
amylin (1). Also in this case, analysis with thioflavin T indicated the presence of  amyloid 
fibrils.
Figure 6B shows the aggregation profile of  peptide 3. With this peptide, typical sigmoidal 
aggregation profiles were obtained that indicated a rapid transition from monomer to 
amyloidogenic aggregates (as found with thioflavin T), and the following half-life times 
could be calculated: 4.2 h, 2.2 h and 2.4 h at pH 5.50, 6.63 and 7.55, respectively.

Membrane permeability studies: Amyloid-membrane interactions have been widely studied with 
phospholipid model membranes because these enable the characterization of  the amylin 
fibrillization process.26,27,33 The effect of  exposing such model membranes to soluble amylin 
and its congeners depends primarily on the initial assembly state of  the peptides and the 
membrane composition. In solutions of  negatively charged vesicles (in this particular case, 
large unilamellar vesicles, (DOPC/DOPS vesicles), the unstructured monomeric amylin 
peptides adopt a certain amount of  secondary structure. The release of  encapsulated dyes 
(the fluorophore calcein) indicates that the unstructured amylin peptide is associated with 
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these anionic membranes, and amyloid fibril formation occurs. This observation hints 
toward a non-specific mechanism of  membrane permeabilization. Since disruption of  
cellular membranes is highly toxic, membrane permeabilization induced by amylin peptide 
1 – 4 of  the calcein-loaded LUVs is used as a model system for in vitro toxicity of  these 
amylin derivatives.26,27

Amyloid formation is a multistep process in which the formation of  smaller oligomeric 
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Figure 6. A: Time-series of  aggregation profiles of  amylin(1-37) H18R (2) by measuring the integral 
decrease of  soluble the soluble derivative,followed in real-time in D2O and 25 oC, plotted for three different 
pH values. B: The same, but for amylin(1-37) H18E (3).



116

intermediates precedes the formation of  mature fibrils. These oligomeric intermediates have 
not been fully characterized, however, there is a growing body of  experimental evidence 
that these intermediates are oligomeric non-fibrillar species, also called protofibrils, that 
play an important role in cellular toxicity as the ‘membrane-active species’.3,28

Our NMR studies have clearly demonstrated that the rate of  aggregation differs significantly 
between the native amylin peptide 1 compared to its His18Arg (2) and His18Glu (3) 
congeners. To verify whether an increase of  aggregation rate also leads to a reduced amount 
of  oligomers/protofibrils compared to the native peptide, the amylin peptides 1 – 4 were 
used in a membrane permeabilization assay.
Native amylin 1 (peptide concentration: 5 μM, from a DMSO stock solution) was mixed 
with calcein-loaded LUVs (lipid concentration: 50 μM, DOPC:DOPS 7:3, at pH 7.4) 
and after a short lag phase (~2 h) a linear increase of  fluorescence was measured which 
leveled off  and after approximately 10 h, a stable end-level was observed. This end-level 
corresponded to 80% membrane leakage compared to Triton X-100, as shown in Figure 7. 
The lag phase as obtained here corresponded very well with the value as determined by the 
NMR experiments.
As shown in Figure 7, membrane permeabilization with the His18Arg peptide (2) is 
completely different compared to native amylin (1). A gradual increase of  fluorescence, 
without a distinct lag time, was observed which did not reach an end-level after 25 h of  
incubation; and the value of  membrane leakage was calculated to be 50%. The fluorescence 

Figure 7. Development of  leakage in time with calcein filled LUVs using a 1 μM concentration of  peptides 
1 – 4 (pH 7.4). Normalized fluorescence against the maximum signal after Triton-X leakage is shown.
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trace as measured with the His18Glu peptide (3), showed a rapid increase in the first 
two hours and then leveled off  to an end-level that corresponded to ~40% membrane 
leakage.
These fluorescence traces could not be correlated in first instance with the aggregation 
profiles as measured with NMR. Therefore, the peptide-membrane interactions were 
subsequently studied by a monolayer technique in order to reveal the molecular details of  
the initial step of  the peptide-membrane interaction i.e.: the ability of  the peptide derivative 
to insert into phospholipid monolayers.

Monolayer experiments: This initial step of  the amylin-lipid interaction may consist of  merely 
binding of  the peptide to the surface of  the membrane or actual insertion into the membrane. 
Insertion of  the peptide into a phospholipid monolayer can be monitored as an increase in 
the surface pressure of  the monolayer, while only interaction with the phospholipid head 
groups does not increase the surface pressure.29 
The packing density of  lipids in biological membranes corresponds to a surface pressure 
of  approximately 26 mN/m. To test the ability of  the amylin peptides 1 – 4 to insert into 
membranes, a stock solution of  the peptide (500 μM in DMSO, to ensure the presence 
of  monomers) was injected into the aqueous sub-phase (pH 7.4) below a monolayer. The 
phospholipid monolayer (DOPC/DOPS 7:3 molar ratio) was chosen to resemble the 
dominant composition of  pancreatic islet cells.30

Directly after the injection of  native amylin 1, a steep increase in the surface pressure was 
observed, which leveled off  starting at approximately three min after the peptide was added 
which is indicative of  a rapid insertion in the monolayer (Figure 8). The insertion of  amylin 
derivatives 2 and 3 was slower than native amylin, since the end-level was reached after four 
to five min after the peptides were added. The steepest increase was observed for derivative 
4, which leveled off  to a surface pressure comparable to that of  native amylin 1.
It has been shown previously7 that the N-terminal part (residues 1-19) of  the amylin peptide 
sequence plays a major role in the membrane insertion process. Moreover, neither an aged 
solution of  native amylin (fibrils) nor amylin fragments, in which the N-terminal part is 
absent, were able to insert into membranes. By variation of  the anionic character of  the 
membrane composition and by the addition of  salt it has become clear that membrane 
insertion is based on electrostatic interactions between the negatively charged head groups 
and the positively charged residues of  the peptide.
Rat amylin inserts into a phospholipid membrane with a comparable rate of  human amylin 
(peptide 1), However, there are no indications that rat amylin can form oligomers and fibrils, 
since it is unable to permeabilize calcein-loaded LUVs. Therefore, it is likely that rat amylin 
inserts as monomer into the phospholipid membrane and is also as monomer present in 
solution, even after aging for 24 h. Amylin derivatives 2 and 3 do insert into the monolayer 
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although with a somewhat lower rate than native amylin. However, the aggregation rate, as 
measured by NMR, is increased compared to the native peptide while also a lower membrane 
permeabilization has been observed with the amylin peptides 2 and 3.

Figure 8. Insertion into DOPC/DOPS monolayers from an aqueous sub-phase (pH 7.4). Native amylin 1 
and amylin derivatives H18R (2), H18E (3) and H18K (4).

These observations may imply that the His18Arg as well as the His18Glu modification 
accelerates the monomer to fibril transition, thereby decreasing the concentration of  the 
membrane-disruptive oligomer or protofibril species and deminished membrane insertion. 
Further experiments will be necessary to support these assumptions and to determine which 
amino acid substitutions of  histidine 18 will actually result in a lower cytotoxicity.

Amyloid fibril formation: Fibril formation of  amylin peptides 1 - 4 was further investigated 
using transmission electron microscopy (TEM), infrared spectroscopy (IR) and circular 
dichroism (CD). For TEM- and IR-studies, a peptide solution was prepared (10 mg/mL, 
phosphate buffer pH 7.4) and aged for three weeks. Typical TEM micrographs are depicted 
in Figure 9. For amylin peptide 1 long fibrils, typical for amyloid, were observed (> 1 μm 
in length, Figure 9A). For peptides 2 – 4, amyloid fibrils were found as well, however, with 
a different morphology. Peptide 3 aggregated into thick amyloid fibrils of  similar length 
(Figure 9B). Where peptide 1 typically formed long fibrils, amylin peptides 2 and 4 self-
assembled into shorter fibre like assemblies (estimated length 500 nm, Figure 9C) and short 
fibrils (estimated length 300 μm – 1 μm Figure 9D) respectively. 
Additional structural information was obtained from infrared spectroscopy measurements. 
FTIR confirmed the formation of  β-sheets since their characteristic peaks were present in 



119

the spectra for all peptides such as a strong amide I absorption at 1685 cm-1, in combination 
with an absorption at 1635 cm-1, both of  them were indicative for the presence of  anti-
parallel β-sheet and aggregated strands.31

Figure 9. TEM-images of  peptides 1-4, i.e. A-D respectively. Scale bars represent 500 nm.

Circular dichroism experiments were performed to obtain additional information on the 
secondary structure of  the amylin derivatives 1 – 4 in solution (Figure 10). To remove 
fibrillar seeds, the peptides were treated with a HFIP-dissolution step. After dissolving 
the peptides in phosphate buffer they were measured instantaneously. For peptides 1 and 
2, two minima were found at 205 and 220 nm which was indicative for the presence of  
a random coil structure, however, α-helical content as well (Figure 10A). For peptides 3 
and 4, absorption minima were found at 225 nm which is indicative for the presence of  
β-sheets. During 6 days of  incubation, the peptide solutions became turbid and aggregates 
were visible by eye. Probably, due to relatively high pH (7.4), the imidazole ring of  peptide 
1 is deprotonated and contributes to aggregation of  the peptide, similarly found in the 
NMR-spectroscopy studies, resulting in decrease of  signal intensity. Similarly, the observed 
low intensity signals of  peptides 2 – 4 can be ascribed to the remaining non-aggregated 
peptides in solution. This phenomenon was recently described by the group of  Rizzarelli 
and Brender et al. as well.32,33
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Conclusions
Four single point mutation full length amylin derivatives have been successfully synthesized 
using the pseudoproline dipeptide approach. The incorporation of  the pseudoproline 
derivatives prevents premature aggregation of  the amylin sequence during assembly on the 
solid phase. These amyloid derivatives have been used to study amyloid formation as function 
of  the pH by NMR-spectroscopy, membrane permeability- and insertion experiments. 
From these data it was concluded that amylin derivative His18Arg and His18Glu rapidly 

Figure 10: CD-spectra obtained at t = 0 (A) and at t = 6 days (B) in phosphate buffer (pH 7.4) in a 0.5 μM 
concentration. The spectra of  native amylin (1) and three derivatives H18R (2), H18E (3) and H18K (4) are 
shown.
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formed amyloid fibrils from its soluble monomeric form. Consequently, less membrane-
active protofibrils were formed since this amylin derivative was rather inreactive to induce 
membrane-leakage. With respect to a biological context, the His18Arg mutation would 
imply to reduce the in vivo toxicity of  the amylin peptide, indeed, at position 18 of  the 
non-amyloidogenic rat amylin peptide an arginine is present instead of  a histidine residue 
as is the case in amyloidogenic human amylin. 

Experimental Section

Instruments and methods. The peptides were synthesized on an Applied Biosystems 433A 
Peptide Synthesizer. Analytical HPLC runs were carried out on a Shimadzu HPLC system and 
preparative LCMS runs were performed on a Shimadzu Prep-LC-MS QP8000α system.
Electron microscopy was performed on a Jeol 1200 EX transmission electron microscope. The 
peptides were characterized by MALDI-TOF mass spectrometry using a Kratos Axima CFR apparatus. 
Fourier transform infrared spectra were measured on a BioRad FTS 6000 spectrophotometer. 
Circular dichroism spectra were measured on a OLIS RSM 1000 CD Spectrometer. 1H NMR 
spectra were recorded on a Varian INOVA-500 (500 MHz) spectrometer and a Bruker Avance-900 
(900 MHz) spectrometer, the latter equipped with a triple-resonance cryogenically cooled probe.

Chemicals and reagents. Tentagel Rink Amide Fmoc resin functionalized with a 4-((2’,4’-dimet
hoxyphenyl)aminomethyl)phenoxyacetamido moiety (Rink amide linker)34 was used in all syntheses. 
The coupling reagents 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 
(HBTU)35 and Nα-9-fluorenylmethyloxycarbonyl (Fmoc) amino acids were obtained from GL 
Biochem. N-hydroxybenzotriazole (HOBt) was obtained from Advanced Chemtech. Peptide 
grade dichloromethane (DCM), tert-butyl methylether (MTBE), N-methylpyrrolidone (NMP), 
trifluoroacetic acid (TFA) and HPLC grade acetonitrile and TFA were purchased from Biosolve. 
Piperidine, N,N-diisopropylethylamine (DIPEA) and triisopropylsilane (TIS) were obtained from 
Acros Organics. 1,2-ethanedithiol (EDT) was obtained from Merck. All pseudoprolines (Fmoc-
Ala-Thr(ψMe,Mepro)-OH, Fmoc-Ser(tBu)-Ser(ψMe,Mepro)-OH and Fmoc-Leu-Ser(ψMe,Mepro)-OH) 
were purchased from Novabiochem. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) were obtained from Avanti Polar Lipids (Alabaster, 
AL). Rat IAPP and a separate batch of  hIAPP were purchased from Bachem Bioscience, USA.

Peptide Synthesis. The peptides were synthesized using the FastMoc double coupling protocol on 
a 0.25 mmol scale on Tentagel Fmoc-Rink-Amide resin to obtain C-terminally amidated peptides. 

Each synthetic cycle consisted of  Nα-Fmoc removal by a 10 min treatment with 20% piperidine in 
NMP, a 5 min NMP wash, a 45 min coupling step with a preactivated Fmoc amino acid mixture, 
and a 5 min NMP wash. Nα-Fmoc amino acids were activated in situ with 0.95 mmol HBTU/
HOBt (0.36 M in NMP) in the presence of  DIPEA (2.0 mmol). The coupling step was followed by 
capping using Ac2O/HOBt/DIPEA (0.5 M/0.015 M(HOBt·H2O/0.125 M) in NMP for 10 min to 
acetylate any remaining free amine. The peptides were deprotected and cleaved from the resin with 
TFA/H2O/TIS/EDT (85:8.5:2:4.5 v/v/v/v) for 3 h and precipitated with MTBE/hexane (1:1 
v/v) at –20°C. The crude peptides were lyophilized from tert-BuOH/H2O (1:1 v/v). The yields of  
the crude linear peptides were as follows: hIAPP(1-37) (1) 357 mg, hIAPP(1-37)H18R (2) 217 mg, 
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hIAPP(1-37)H18E (3) 162 mg, hIAPP(1-37)H18K (4) 216 mg.

Oxidation of  the peptides/disulfide bond formation. An amount of  50 mg of  crude peptide 
was dissolved in 8.8 mL DMSO and diluted with 52 mL of  H2O and stirred for 16 h. Then, the 
solvent was removed using a speedvac. The obtained peptide pellets were redissolved in TFA 
(~5 mL in total) and precipitated in MTBE/hexane 1:1 v/v (45 mL, –20°C) and subsequently 
lyophilized from tert-BuOH/H2O (1:1 v/v) to obtain the crude oxidized peptide.

Peptide purification. The crude lyophilized peptides (50 mg) were dissolved in TFA (2 mL), 
diluted with buffer A (2 mL) and loaded onto an Adsorbosphere XL C8 HPLC column (90Å pore 
size, 10 μm particle size, 2.2 × 25 cm). The peptides were eluted with a flow rate of  12.5 mL/min 
using a linear gradient of  buffer B (100% in 100 min) from 100% buffer A (buffer A: 0.1% TFA 
in CH3CN/H2O 5:95 v/v, buffer B: 0.1% TFA in CH3CN/H2O 95:5 v/v). The purities were 
evaluated by analytical HPLC on an Adsorbosphere XL C8 column (90Å pore size, 5 μm particle 
size, 0.46 × 25 cm) at a flow rate of  1.0 mL/min using a linear gradient of  buffer B (100% in 20 
min) from 100% buffer A (buffer A: 0.1% TFA in CH3CN/H2O 5:95 v/v; buffer B: 0.1% TFA in 
CH3CN/H2O 95:5 v/v).

Peptide characterization. The peptides were characterized by MALDI-TOF mass spectrometry, 
with oxidized insulin (monoisotopic [M + H]+: 3494.6513) as an external reference and α-cyano-4-
hydroxy-cinnamic acid as matrix.

NMR-experiments. Sample preparation. Stock solutions of  the amylin peptides were made from 
0.6 to 2.5 mg freeze-dried peptide dissolved to about 1 mg/mL in fresh (1,1,1,3,3,3)-hexafluoro-
2-isopropanol (HFIP, 99%) (Fluorochem, UK). The HFIP stock solution was allowed to stand 
for several hours, to ensure that all larger peptide aggregates are dissolved completely. The HFIP 
solution was transferred to a sterile plastic 5 ml syringe capped with a Millex-GV 4 mm (Millipore, 
USA) 0.2 μm filter, and pushed gently through the syringe filter under slight pressure. Individual 
NMR samples were prepared by pipetting a small volume (80 to 250 μL, depending on the required 
concentration) of  the HFIP filtered stock solution in an empty 1.5 mL eppendorf, and quickly 
(within minutes) evaporate the HFIP using a fine directional stream of  dry N2 gas. The residual 
film of  dried peptide was subsequently dissolved in 500 μL D2O (99.9% D), (Sigma-Aldrich) buffer 
solution or in 450 μL H2O buffer with added 50 μL D2O, and directly transferred to a disposable 
5 mm NMR tube for immediate spectral acquisition. Solution buffers were made from NaH2PO4 

and Na2HPO4 sodium phosphate combinations, having a final concentration of  20 mM phosphate 
with a pre-defined pH between 5.0 and 8.0. In case of  the NMR samples prepared in water, that 
were dedicated to sequential assignments at low pH, the added re-solubilization buffer was made 
from 90% Millipore H2O and 10% D2O, adjusted to pH 3.3 (meter reading) using dilute HCl 
solution. Peptide concentrations of  the water samples dedicated to assignments at pH 3.3 were 
approximately 0.5 mM for hIAPP1-37; 0.3 mM for hIAPP1-37 H18R, 0.2 mM for hIAPP1-37 
H18E and 0.7 mM for rat IAPP1-37. Concentrations of  the NMR samples used for the real-time 
aggregation experiments in D2O were: 90 μM for hIAPP1-37, 112 μM for H18R and 90 μM 
for H18E. 2D TOCSY, 2D NOESY and 13C-1H HSQC spectra for purposes of  assignment and 
structure determination were mainly recorded at 900 MHz at 17 oC, except for H18E which was 
recorded on 500 MHz at the same temperature.
Thioflavin T fluorescence. Aliquots of  100 μL of  aggregated NMR samples of  hIAPP and H18R, 
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collected after 24 hours of  incubation at various pH,  were stored at -20 °C for final determination 
of  the amyloid content by means of  thioflavin T fluorescence. Experiments were carried out on a 
SPF-500 C from SLM-AMINCO (SLM instruments), thermostatted at 25 °C.
The concentration of  thioflavin T used was 10 μM in 1 mL Tris buffer (100 mM, pH 7.4) including 
100 mM NaCl. Fluorescence was measured in absence of  and in presence of  50 μL of  aggregated 
peptide solution, that was defrosted just prior to sample preparation and diluted 20 times in the 
Tris buffer to a final concentration of  4.5 and 5.5 μM for hIAPP and H18R, respectively. Excitation 
spectra ran from 300 to 470 nm (maximum observed at 445 nm) using an emission wavelength of  
482 nm for detection of  amyloid bound thioflavin T and 430 nm for free thioflavin T. In order to 
get reproducible results, homogenization of  the dilute gel solutions by carefully shaking the UV 
cuvet inbetween repeated scans, was necessary. It largely prevents bigger amyloid fibrils from falling 
down too quickly to the bottom of  the cuvet. Fluorescence spectra of  each sample were acquired 
in triplo. Analysis of  the thioflavin T results has been carried out using Matlab 7.1 software. The 
measure of  the total amount of  amyloid, bound to thioflavin T, was taken as the average sum of  
intensity at data points between 441 and 449 nm, after subtraction of  the same area in a blank 
spectrum containing only thioflavin T.

Transmission electron microscopy. A peptide solution (10 mg/mL, phosphate buffer, pH 7.4) 
aged for three weeks (10 μL) was placed on a carbon coated copper grid. After 15 min, any excess 
of  peptide was removed by washing the copper grid on a drop of  demi-water (this was repeated 
five times). Finally, the samples were stained by methylcellulose/uranyl acetate and dried on air. 
The samples were visualized under a Jeol 1200 EX transmission electron microscope operating at 
60 kV.

Circular Dichroism. CD spectra were measured at 1.0 nm intervals in the range of  195-260 nm 
as the average of  10 scans using a spectral band width of  2.0 nm in 1 mm cuvettes thermostated 
at 20°C with the optical chamber continually flushed with dry N2 gas. The peptide samples were 
prepared as follows: 0.2 mg of  peptide was dissolved in 250 μL of  HFIP and incubated for 60 min. 
Then, the solvent was evaporated by standing on air. Subsequently the peptide was dissolved in 1 
mL of  buffer (1.8 mM NaH2PO4, 8.2 mM Na2HPO4 in 100 mM NaCl at pH 7.4) to obtain a similar 
concentration used in NMR-experiments and measured instantaneously for t = 0. 

Fourier transform infrared spectroscopy. A peptide gel/solution aged for three weeks (100 μL) 
was lyophilized and subsequently resuspended in D2O (150 μL) and lyophilized. This treatment 
was repeated twice. A peptide sample was mixed with KBr and pressed into a pellet. The optical 
chamber was flushed with dry nitrogen for 1 min before data collection started. The interferograms 
from 256 scans with a resolution of  2 cm-1 were averaged and corrected for H2O and KBr.

Preparation of  Calcein-containing LUVs. Stock solutions of  DOPC and DOPS (40 mM) in 
chloroform were mixed in a glass tube in a 7:3 molar ratio. The solvent was evaporated by a gentle 
stream of  nitrogen gas resulting a lipid film which was further dried in a vacuum desiccator for at 
least 20 min. Lipid films were hydrated in a Tris/HCl buffer (10 mM, pH 7.4) containing 70 mM 
calcein at a lipid concentration of  10 mM. The lipid suspensions were subjected to 10 freeze-thaw 
cycles performed at –80°C and 40°C respectively, subsequently extruded through 0.2 μm filters 
(Anotop 10, Whatman, Maidstone, U.K.). Free calcein was removed from the calcein-loaded LUVs 
by size exclusion chromatography on a Sephadex G-50-fine column using a Tris/HCl buffer (10 
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mM containing 100 mM NaCl, pH 7.4). The phospholipid content of  the lipid stock solutions and 
vesicle preparations was determined as inorganic phosphate according to Rouser.36

Membrane permeability experiments. The release of  calcein fluorescence was measured 
continuously at 20°C using a SpectraFLUOR spectrofluorimeter (Tecan) with excitation and 
emission wavelengths of  485 and 535 nm, respectively. A Tecan plate reader was used to perform 
permeability experiments in a 96-wells plate during a total incubation time of  24 hrs. In a typical 
experiment, a solution of  calcein-loaded LUVs (1 µL) was diluted with Tris/HCl buffer (198 µL of  
10 mM containing 100 mM NaCl, pH 7.4). To start the leakage experiment, a peptide solution (1 
μL of  a 1 mM stock solution in DMSO) was added to the vesicles. The final peptide concentration 
was 5 μM. The maximum fluorescence was determined by adding Triton X-100 (1 μL of  a 20% v/v 
stock solution). The release of  calcein was calculated according to the following equation:
Herein is, P(t) the fraction of  calcein that is released which corersponds to the total number 

of  membrane permeability, Ft the measured fluorescence intensity, and F0 respectively F100 the 
fluorescence intensity at t=0, respectively after addition of  Triton X-100.

Monolayer experiments.7,37 Peptide stock solutions were prepared by weighing an amount of  
peptide powder and dissolving it in the appropriate volume of  DMSO to give a final peptide 
concentration of  1 mM. The peptide stock solution was used within one day. 
Peptide-induced changes in the surface pressure of  a monomolecular layer of  phospholipids 
at constant surface area were measured with the Wilhelmy plate method using a Cahn 2000 
microbalance. A Teflon trough was filled with 6.0 mL of  freshly filtered 50 mM Hepes buffer (pH 
7.2). The sub-phase was continuously stirred with a magnetic bar during the measurements. Lipid 
monolayers were spread from a 1 mM lipid solution in chloroform at the air/buffer interface to 
give an initial surface pressure of  25 mN/m. The lipid monolayer was allowed to stabilize for a few 
minutes. 10 µL of  a 500 µM stock solution of  the peptide in DMSO was injected in the sub-phase 
(resulting in a final peptide concentration of  0.8 µM).
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Chapter 8

pH-controlled aggregation morphology of  Aβ(16-22): 
formation of  peptide nanotubes, helical tapes and 
amyloid fibrils.
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Introduction
The development of  new biomaterials with sophisticated features has nowadays increasingly 
focused on applying the self-assembly of  small molecules into supramolecular constructs 
with material-like properties.1 The morphology of  these materials is classified into specific 
macromolecular structures such as fibrils, fibers, ribbons, nanotubes, vesicles and virus-like 
capsids. These miniaturized systems find their application in the development of  scaffolds 
for tissue engineering and bone mineralization and in new biodegradable enhanced drug 
delivery systems, like nanocontainers2 and hydro- or organogels.3 For self-assembly, 
often small organic molecules, peptide amphiphiles and peptidomimetics are obtained 
by de novo design and their self-assembly is driven by the ability to form for example: a 
suitable hydrogen bond network as is present in (anti-) parallel β-sheets, π-π interactions, 
or via hydrophobic interactions.5 Nature has provided us with fascinating examples of  
self-assembled biomaterials ranging from viral capsids6 to spider silk7 and collagen8 which 
could be inspiring for the development of  new supramolecular biomaterials with designed 
properties.9

The use of  amyloidogenic peptides can be explored in the design of  biomaterials since 
these peptides bear an intrinsic tendency to self-assemble, due to their hydrophobicity, 
π-π interactions or β-sheet forming capacity. In literature, several examples can be found 
in which short amyloid-derived peptides have been used as template for self-assembled 
nanostructures. For example; Reches and Gazit have studied the Phe-Phe dipeptide core-
recognition motif  of  the Aβ-peptide and describe its self-assembly into peptide nanotubes.10 
In addition, Lynn and co-workers have demonstrated that the Aβ-sequence Ac-Lys-Leu-
Val-Phe-Phe-Ala-Glu-NH2, Aβ(16-22), is able to form helical ribbons that progress into 
peptide nanotubes.11,12 Other examples of  more complex nanostructures are known, such 
as spherical assemblies, which have been de novo designed based on β-sheet formation13 or 
DNA base pairing (see also chapter 1).14 
In previous chapters it has been shown that small modifications in the peptide backbone 
of  amyloidogenic amylin(20-29) resulted in derivatives which self-assembled into peptide 
nanotubes, helical ribbons and fibril-like structures.15-17 These results triggered us to explore 
the use of  amyloidogenic peptides as a template for the design and synthesis of  a new class 
of  self-assembled bionanomaterials.
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Results and discussion
Rationale for design. The aim of  this chapter was the design and synthesis of  a triangular-
shaped peptide construct which might lead to capsid self-assembly, as is shown in Figure 1. 
The construct was based on the core-recognition motif  of  the Aβ-peptide: Lys-Leu-Val-
Phe-Phe-Ala-Glu, since this peptide sequence displayed a strong tendency to form (anti-
)parallel β-sheets, depending on the ionization mode of  the lysine and glutamic acid side 
chains. Moreover, two phenylalanine residues might contribute to self-assembling properties 
via π-π interactions.18 In every side of  the triangle, an amyloid sequence was present to 
function as a recognition motif. This triangular shaped peptide in principle was designed 
to self-assemble into nanospheres by means of  electrostatic interactions and anti-parallel 
β–sheet formation (Figure 1).13 We were particularily interested in the possibilities of  using 
amyloidogenic Aβ(16-22) peptides as a template and their β-sheet assembly properties for 
the design and development of  new self-assembling spheres or vesicles.

Figure 1. Schematic presentation of  the designed peptide triangle that, upon adjustment of  pH might be 
capable to self-assemble into sphere-like structures.
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To obtain a triangular shaped construct, a rigidified turn-inducing (TI) moiety was designed 
in order to induce an approximate 60 degree turn between the peptides (Scheme 1). 
Modelling of  the peptide triangle showed that rigidification of  the turn inducing moiety 
by introduction of  an alkyne spacer resulted in a higher propensity to retain a triangular 
conformation (Figure 1). 

Synthetic approach. The turn inducing moiety was synthesized as shown in Scheme 1. First, 
ortho-iodophenol was alkylated using bromoacetic acid tert-butyl ester in the presence of  
K2CO3 as a base, to obtain 6. Subsequently, compound 6 was coupled to Boc-protected 
propargylamine 7 by the Sonogashira reaction to give the acetylene intermediate 8. After 
removal of  the Boc group and deprotection of  the carboxylic acid by treatment with TFA, 
the free amine was protected with an Fmoc group to give the desired turn inducing moiety 
9. After this, the first approach toward the synthesis of  this triangular-shaped peptide 
construct was a linear synthesis on the solid support via Fmoc/tBu chemistry, followed by 
cyclization in solution (Scheme 2A). However, this approach was not successful since the 
coupling efficiency dropped dramatically after introduction of  the turn-inducing moiety as 
was shown by the Kaiser-test.21 

Scheme 1. Designed and synthesized Fmoc-protected turn-inducing building block.

In the second approach (Scheme 2B), it was decided to synthesize the protected peptide, 
Fmoc-TI-Lys(Boc)-Leu-Val-Phe-Phe-Ala-Glu(OtBu)~ on a 2-chlorotrityl chloride resin, to 
obtain this peptide as a synthon for the assembly of  the whole triangular construct. The 
main portion of  the resin was treated with HFIP in CH2Cl2 (HFIP/CH2Cl2 1:4 v/v) to 
cleave the peptide from the resin while the protecting groups (Boc/tBu and Fmoc) stay 
on. Then, the remainder of  the resin was treated with base to remove the Fmoc-group 
and the free amine was coupled to another protected peptide fragment to yield two sides 
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of  the peptide triangle. However, also this approach did not lead to the desired product, 
due to a low solubility of  the protected peptide fragments in common organic solvents. In 
addition, a low coupling efficiency was evident from the Kaiser test,20 and difficulties were 
encountered with deprotection of  the Fmoc group from the resin-bound peptide (even 
with DBU/piperidine according to Wade et al.19).

Scheme 2. Different approaches for the synthesis of  peptide triangle. A: Linear synthesis of  the solid 
support. B: Fragment coupling on the solid support.

During these attempts it was observed that most of  the organic solvents used for synthesis 
were gelled by protected peptide 1. Moreover, studies by Lynn and co-workers11 showed that 
a related peptide, Ac-Lys-Leu-Val-Phe-Phe-Ala-Glu-NH2, was able to form supramolecular 
assemblies like peptide nanotubes in aqueous solvents at low pH (pH 1). Therefore we 
decided to use peptide 1 in attempts possibly driven by the intrinsic self-assembly of  this 
amyloid peptide to obtain a non-covalent triangular shaped construct and its higher order 
supramolecular assemblies, as is schematically shown in Figure 2.
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Figure 2. Structure of  peptide 1 and possible assembly of  peptide 1 in solution.

Self-assembly of  1: The self-assembly of  peptide 1 was studied as function of  the pH. At 
pH 7.4, the ionization state of  the Lys/Glu side chains and the N- and C-termini might 
direct self-assembly of  this peptide into β-sheets or into the presumed triangular shaped 
construct. In combination with β-sheet formation along the triangular sides self-assembly 
might result into the formation of  spherical particles mimicking viral capsids (Figure 2).

Figure 3. Ionization state of  peptide 1 at pH 1, 7.4 and 11 in aqueous buffer.

Electron microscopy: The aggregation- and gelation behavior of  peptide 1 was investigated by 
transmission electron microscopy (TEM). For that purpose, a concentrated peptide solution 
(10 mg/mL) at the appropriate pH was prepared. Peptide 1 was not completely dissolved 
in buffer at pH 7.4 and the turbid solution remained fluid upon standing. Inspection by 
TEM showed that mainly fibrils were formed while spherical assemblies were clearly absent 
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(Figure 4B). Fibril formation (based on antiparallel β-sheets) was confirmed by FTIR (Table 
1, vide infra) since the typical amide I absorption at 1628 cm-1 was observed, which was in 
line with the solid-state NMR data of  Tycko et al obtained using similar peptides.23 These 
results indicated that self-assembly of  1 was driven via hydrogen bond formation (pathway 
B, Figure 2), while electrostatic interactions were only of  secondary importance. Their role 
changed dramatically when peptide 1 was dissolved in an acidic buffer (pH 1). Under these 
conditions, not only a clear gel was obtained but also a completely different morphology 
of  the supramolecular assemblies was observed by TEM (Figure 4A). Here, broad (width 
90 – 120 nm) flat ribbons, up to 5 μm in length, were observed. These uniform structures 
could also be a result of  sample preparation, since a drying step was included. To obtain a 
more realistic view of  these supramolecular assemblies in solution, cryo-TEM images were 
generated. Instead of  flat ribbons, highly uniform peptide nanotubes (Figure 5A) were 
observed. Moreover, tilting the sample-grid to 45°, confirmed the tubular structure and the 
‘opening’ of  some of  these tubes could be observed (indicated by arrows, Figure 5B).

Figure 4. Transmission electron microscopy images are shown for peptide 1 (A=pH 1, B pH 7.4, C pH 11, 
at a concentration of  10 mg/mL). The scale bars represent 500 nm.

Figure 5. Cryo-electron microscopy pictures of  peptide 1 (pH 1, 5 mg/mL); A: scale bar 500 nm. The inset 
is an observed top-view of  a peptide nanotube. B: a 45 degree tilt is shown, scale bar 200 nm.
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Another indication of  polymorphism dependent on pH was found by dissolving peptide 1 
in a basic buffer solution (pH 11). In this case, lamellar sheet-like structures were observed 
by TEM (Figure 4C). To obtain insight into the molecular organization and the role of  the 
electrostatic interactions of  the supramolecular constructs obtained at different pH values, 
X-ray diffraction studies were performed.

Wide Angle X-Ray Scattering (WAXS). X-ray fibre diffraction studies were performed to 
pinpoint the molecular organization of  the supramolecular structures formed by peptide 
1 in solution. Therefore, diffraction analyses of  peptide 1 in three different buffer systems 
as were used for the TEM experiments were obtained (Figure 6). For clarity, a model of  
an antiparallel β-sheet is shown to explain the typical reflections observed in X-ray fibre 
diffraction analysis (Figure 7A). The diffraction pattern of  the peptide nanotubes formed 
at pH 1 (hydrated/gel), revealed reflections at 4.4 and 5.1 Å and a stronger reflection at 
10 Å (Figure 6A, indicated by arrows). Although the typical intersheet spacing of  10 Å 
was clearly visible, the characteristic hydrogen bond spacing reflection of  an anti-parallel 
β-sheet (4.7 Å) was absent (Figure 6A). It was not exactly clear how to interpret reflections 
of  4.4 and 5.1 Å. However, Lynn and co-workers described an H-bond spacing of  5 Å for 
a similar peptide Ac-Lys-Leu-Val-Phe-Phe-Ala-Glu-NH2.

11a

Additionally, the peptide gel (pH 1) was air-dried and the diffraction pattern was obtained 
(Figure 6B). Surprisingly, many strong reflections were visible which were indicative for a 
highly ordered supramolecular structure. Equatorial reflections at 4.7 Å and 25 Å together 
with the second harmonic at 12.5 Å were observed (Figure 6B). Meridional reflections 
were present at 4.4 Å, 5.1 Å and 12.5 Å and a strong reflection was observed 10 Å which 
was off-meridional. The many harmonics, present in the diffraction pattern, were strong 
indications of  a high degree of  crystalline order. Thus, the peptide nanotubes as observed 
with TEM were highly structurally organized. Based on these reflection data the molecular 
model, depicted in Figure 7B, is proposed. At pH 7.4 a fibril like morphology was observed 
using TEM. The X-ray diffraction pattern of  a hydrated sample of  peptide 1 showed strong 
reflections at 4.7 Å and 10.5 Å, indicating the formation of  highly ordered fibres (Figure 
6C). In addition, these type of  reflections are characteristic for a cross β-sheet structure. 
The lamellar sheets that were observed using electron microscopy (Figure 4-1C) consisted 
of  antiparallel β-sheets. Similar reflections were observed in a dehydrated sample at pH 11 
(Figure 6D). Strong reflections were found at 4.8 Å and 10.3 Å which are indicative for a 
cross β-sheet structure. Similar X-ray fibre diffraction data have been found by Tycko and 
co-workers for Aβ(11-25) which was found to be organized as anti-parallel β-sheets, in 
addition, pH-dependant intermolecular H-bonding is reported.23,24 Similarly in this research, 
strong reflections were found at 4.7 Å and 10.1 Å as well, characteristic for amyloid fibrils.
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Figure 6. X-ray fibre diffraction spectra; A: pH 1 hydrated (5 mg/mL), B: pH 1 dehydrated, C: pH 7.4 
hydrated (5 mg/mL), D: pH 11 dehydrated.
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Figure 7. A: Schematic representation of  expected reflections in X-ray fibre diffraction for a β-sheet 
assembly. B: Proposed model for the self-assembly of  peptide 1 at pH 1.

Fourier Transform Infrared Spectroscopy. β-sheet formation at pH 1, 7 and 11 were confirmed 
by Fourier Transform Infrared Spectroscopy (FTIR), in which the characteristic 1628 cm-1 
Amide I absorption was observed (Table 1).25 
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SAR-study based on peptide 1: The different morphologies found at pH 1, 7.4 and 11 of  
peptide 1 inspired us to evaluate the influence of  the N-terminal capping moiety and 
the role in self-assembly behaviour. Furthermore, it was hypothesized that replacement 
of  this capping moiety could be used to direct self-assembly into different morphologies. 
The polymorphism observed for peptide 1 as function of  the pH inspired us to design a 
series of  Aβ(16-22) derivatives in which the N-terminal capping moiety was an important 
determinant of  the pH-dependent self-assembly process. It was expected that the nature 
of  the capping moiety also determined the morphology of  the supramolecular assemblies. 
This series of  compounds is shown in Figure 8. 
The rigid N-terminal capping moiety in peptide 1, was responsible for extra π-π interactions 
and introduced a positive charge at low pH. Therefore, the importance of  π-π stacking 
contributions in spontaneous self-assembly could be verified by the preparation of  peptide 
2 which was N-terminally capped with phenoxy-acetic acid. Additionally, peptides 3 and 
4 were designed to evaluate the ionization state of  these peptides in relation to pH, since 
an Nα-acetylated lysine respectively glutamic acid residue was used as capping moiety. 
Finally, peptide 5 was synthesized as control peptide. These peptides were used in gelation 
experiments and their supramolecular folding behavior was studied with FTIR and TEM, 
the results are summarized in Figure 9 and Table 1.

Figure 8. Synthesized and studied peptides 1 – 5.

Removal of  the N-terminal amine (peptide 2) resulted in a significant reduced water 
solubility and a precipitate could be seen. Aggregation into small helical ribbons at pH 1 
and well-ordered fibres at pH 7.4 were observed. These helical ribbons had a diameter of  
2.5 nm. On the other hand, at pH 11 lamellar sheets were observed and the morphology 
of  these assemblies was significantly different compared to pH 1 and 7.4 (Figure 9 2A-C). 
Peptide 3, showed improved solubility compared to peptide 2, apparently due to presence 
of  the (protonated) amine. After dissolution, the solvent became very viscous but remained 
clear at pH 1. However, instant gelation of  the solvent into a turbid gel was observed at pH 
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7.4 and 11. TEM analysis of  peptide 3 clearly revealed different morphologies as well as 
compared to peptide 1 and 2 and in relation to the pH. In acidic buffer (pH 1) short peptide 
nanotubes were observed together with left handed helical ribbons. The dimensions of  
these ribbons and tubes in general were ~70 nm in diameter and 0.8 to 1 μm in length. 
Increasing the pH resulted in formation of  lamellar sheets (pH 7.4) and tubular structures 
(pH 11).

Figure 9. Transmission electron microscopy images are shown of  peptides 1-5 (A: pH 1; B: pH 7.4; C: pH 
11, concentration: 10 mg/mL). The scale bars represent 500 nm.
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Small aggregates precipitated from solution at pH 1 and 7.4 in case of  glutamic acid 
derivative 4. The morphology of  the assemblies formed at pH 1 can be described as right-
handed helical ribbons and at pH 7.4 a few tubular structures were observed which were 80 
to 100 nm in diameter and up to 3 μm in length. Peptide 4 gelled the solvent at pH 11 and 
lamellar sheets were present as supramolecular morphology. 
For peptide 5, all solutions instantly gelled into a turbid gel, furthermore, for every pH 
peptide nanotubes were observed as the dominant supramolecular morphology. At pH 
1 striated tubes were visible, a clear indication that these constructs were build up from 
entwined sheets. This was in agreement with observations of  Lynn and co-workers, who 
observed assembly of  Ac-KLVFFAE-NH2 at pH 2 into helical ribbons progressing into 
nanotubes.11 The diameter of  the tubes ranged from 100 nm to 150 nm, having a length 
up to a few micrometers (up to 5 μm and longer) whereas a tube diameter of  80-90 nm 
was reported in the literature.11 At pH 7.4 and 11, tubular structures were visualized with a 
length up to 6 μm. At pH 7.4 a uniform tube diameter was observed (180 nm) whereas at 
pH 11 the diameter ranged from 130-180 nm.

Table 1. Physicochemical properties of  peptides 1-5 (10 mg/mL).

Peptide pH Overall 
charge Gel formation Morphology FTIR/cm-1 

1 1 +2 Yes Nanotubes 1631(s), 1673(m/s) 

1 7.4 0 No Fibres 1628(s), 1683(m/s) 

1 11 -2 Yes Twisted tapes 1635(m), 1653(m), 
1670(m) 

2 1 +1 No Helical ribbons 1628(s), 1679(m), 
1693(m) 

2 7.4 -1 No Fibres 1629(s), 1686(m/s) 

2 11 -2 No Lamellar sheets 1629(m), 1684(m) 

3 1 +2 
Viscous 
Solution 

Helical ribbons, nanotubes 1628(s), 1677(m) 

3 7.4 0 Yes Lamellar sheets, nanotubes 1627(s), 1688(s) 

3 11 -2 Yes Lamellar sheets 1628(s), 1685(m/s) 

4 1 +1 No Helical ribbons 1628(s), 1678(m) 

4 7.4 -2 No Nanotubes 1627(s), 1687(m/s) 

4 11 -3 Yes Lamellar sheets 1628(s), 1684(s) 

5 1 +1 Yes Nanotubes 1628(s), 1672(w), 
1693(w) 

5 7.4 -1 Yes Nanotubes 1628(s), 1679(m) 

5 11 -2 Yes Nanotubes 1631(s), 1685(m) 
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Infrared analysis of  the peptide solutions/gels revealed the characteristic amide I absorptions 
(1627 to 1631 cm-1) which were indicative for the presence of  β-sheets.25 Furthermore, 
additional absorptions were found at 1670-1690 cm-1 which could be assigned to highly 
ordered anti-parallel β-sheet structures and aggregated strands.

Conclusions
This chapter describes a first approach to design viral capsid protein mimics by applying the 
intrinsic self-assembly behavior of  the Aβ(16-22) peptide sequence. It turned out that the N-
terminal capping moiety in combination with the pH of  the buffer system were important 
factors that determine the observed polymorphism of  the supramolecular assemblies. Self-
assembly was mainly based on hydrogen bond formation by the peptide backbone via 
antiparallel β-sheets, however, differences in hydrophobicity combined with of  electrostatic 
interactions were responsible for a wide variety of  supramolecular morphologies.

Experimental Section

Materials and Methods. Chemicals were obtained from commercial sources and used without further 
purification. Peptide grade solvents used for solid phase peptide synthesis were purchased from 
Biosolve (The Netherlands) and were stored on 4Å molecular sieves. Peptides were purified using 
a Gilson HPLC workstation. Analytical HPLC runs were performed on a Shimadzu automated 
HPLC system. Peptides were characterized using Electro Spray Mass Spectrometry (EI-MS) and 
was performed on a Shimadzu LCMS-QP8000 single quadruple bench top mass spectrometer 
operating in a positive ionization mode. CD-spectroscopy was carried out using a Olis RSM-1000 
spectrometer. Electron microscopy was performed using a Jeol 1200 EX transmission electron 
microscope operating at 60 kV. The transmission electron microscope used for cryo-electron 
microscopy was a Philips Tecnai 12 and was equipped with a CCD-camera. IR spectra were recorded 
on a BioRad FTS6000.

tert-Butyl 2-(2-iodophenoxy)acetate (6). 2-Iodophenol (11.3 g, 52 mmol) was dissolved in DMF 
(20 mL) and K2CO3 (14.6 g, 105 mmol) was added. The solution was cooled to 0ºC and tert-butyl 
bromoacetate (8.4 mL, 52 mmol) was added dropwise. The reaction mixture was stirred for 16 h at 
room temperature. Then, the solvent was removed in vacuo and the crude product was redissolved 
in EtOAc (150 mL) and the solution was washed with water (2 × 100 mL), 10% NaHCO3 (3 × 75 
mL) and brine (2 × 100 mL). The organic layer was dried on Na2SO4 and concentrated in vacuo to 
obtain the crude tert-butyl 2-(2-iodophenoxy)acetate as an orange oil (17.1 g, 51 mmol, 99%). Rf  
= 0.56 (hexane/EtOAc 9:1 v/v); 1H-NMR (300 MHz, CDCl3): 1.48 (9H, m, C(CH3)3), 4.57 (2H, 
s, O-CH2), 6.71 (2H, m, Ar-H), 7.27 (H, t, Ar-H), 7.78 (H, d, Ar-H); 13C-NMR (75.5 MHz,CDCl3): 
28.0, 66.6, 82.5, 86.3, 112.1, 123.2, 129.3, 139.7, 156.7, 167.2.

Boc-propargylamine (7). Propargylamine (HCl-salt, 3.6 g, 39 mmol) and triethylamine (11.5 mL, 
83 mmol) were dissolved in CH2Cl2 (100 mL) and cooled on ice. Then a solution of  Boc2O (8.5 g, 
40 mmol) in CH2Cl2 (50 mL) was added dropwise and the obtained reaction mixture was stirred 
for 2 h. After concentration of  the reaction mixture under reduced pressure the crude product was 



141

redissolved in EtOAc (150 mL) and the solution washed with 1N KHSO4 (3 × 75 mL) and brine 
(150 mL). The organic layer was dried on Na2SO4 and concentrated in vacuo to obtain the product 
as an oil which crystallized to pink crystals in 96% yield (5.8 g). Rf  = 0.70 (CH2Cl2/MeOH 95:5 
v/v); 1H-NMR (300 MHz, CDCl3): 1.46 (9H, m, C(CH3)3), 2.22 (1H, s, CH), 3.93 (2H, d, CH2-NH) 
4.71 (H, s, NH). 13C-NMR (75.5 MHz, CDCl3): 27.4, 28.3, 28.4, 30.4, 69.3, 77.0, 80.0, 155.3.

tert-Butyl 3-(2-((tert-butoxycarbonyl)methoxy)phenyl)prop-2-ynylcarbamate (8). To a 
solution of  Boc-propargylamine (10 g, 30 mmol) and CuI (0.29 g, 1.5 mmol) in acetonitrile (120 
mL), which was purged with argon (5 min), Pd(PPh3)4 (1.74 g, 1.5 mmol) was added. Compound 
6 (4.7 g, 30 mmol) and triethylamine (16.6 mL, 120 mmol) were dissolved in acetonitrile (60 mL) 
and purged with argon (5 min) before it was added to the Pd-containing solution. The obtained 
reaction mixture was stirred at room temperature for 16 h, filtrated over Hyflo and concentrated in 
vacuo. The crude product was redissolved in EtOAc (225 mL) and the solution was washed with 
1N KHSO4 (250 mL), 10% NaHCO3 (250 mL) and brine (125 mL). The organic layer was dried on 
Na2SO4 and concentrated in vacuo. The product was purified by column chromatography (hexane/
EtOAc 9:1 v/v) and obtained as a slightly brown solid (8 g, 22 mmol, 72%). Rf  = 0.20 (hexane/
EtOAc 9:1 v/v) 1H-NMR (300 MHz, CDCl3): 1.46 (9H, s, tert-butyl), 1.49 (9H, s, tert-butyl), 4.20 
(2H, m, NH-CH2), 4.59 (2H, s, O-CH2),  4.91 (1H, s, NH), 6.73 (1H, d (J 8.5 Hz), Ar CH), 6.93 
(1H, t (J 6.6 Hz), Ar CH), 7.25 (1H, t (J 5.8 Hz), Ar CH), 7.39 (1H, d (J 6.3 Hz), Ar CH). 13C-NMR 
(75.5 MHz, CDCl3): 28.0, 28.4, 31.6, 66.3, 79.3, 79.8, 82.4, 89.7, 112.2, 112.7, 121.4, 129.5, 133.7, 
155.3, 158.6, 167.7; elemental analysis calculated (%) for C20H27NO5 (361.19): C, 66.46; H, 7.53; N, 
3.88; found: C 66.28, H 7.54, N 3.79.

Fmoc-2-(2-(3-aminoprop-1-ynyl)phenoxy)acetic acid (9). Compound 8 (7.9 g, 21.7 mmol) was 
dissolved in CH2Cl2 (80 mL) followed by the addition of  TFA (80 mL). The reaction mixture was 
stirred for 3 h and subsequently concentrated in vacuo and coevaporated with CH2Cl2 (3 × 30 
mL). The crude intermediate was then dissolved in water (60 mL) and acetonitrile (60 mL) and 
the pH was adjusted to 9 by adding triethylamine. Fmoc-ONSu (7.3 g, 21.7 mmol) was dissolved 
in acetonitrile (50 mL) and added in one portion. The reaction mixture was maintained at pH 8.5 
for 30 min by adding triethylamine. Then the reaction mixture was concentrated in vacuo,  and 
the residue was acidified with 1N KHSO4 (450 mL) and the precipitate was extracted with EtOAc 
(250 mL). The organic layer was washed with 1N KHSO4  (100 mL) and brine (100 mL), dried on 
Na2SO4 and concentrated in vacuo. The crude product was purified by column chromatography 
(CH2Cl2/MeOH 95:5 v/v to CH2Cl2/MeOH/AcOH 92:7:1 v/v/v) and obtained as a yellowish 
waxy solid (6.8 g, 15.8 mmol, 65%). Rf  = 0.80 (CHCl3/MeOH/AcOH 95:20:3 v/v/v), Rf  = 0.36 
(CH2Cl2/MeOH/AcOH 95:5:1 v/v/v); 1H-NMR (300 MHz, CDCl3): 3.58 (2H, t, (NH-CH2), 4.25 
(1H, t, Fmoc-CH), 4.41 (2H, s, O-CH2-Fmoc), 4.73 (2H, d, O-CH2-C=O), 6.78-7.78 (12H, m, 
Ar-H en Fmoc-H); 13C-NMR (75.5 MHz, CDCl3): 30.8, 46.6, 64.6, 65.7, 78.3, 90.8, 111.4, 112.1, 
120.1, 120.8, 125.2, 127.0, 127.6, 129.7, 133.5, 140.7, 143.8, 155.9, 158.3, 170.0; EI-MS: (50 eV) 
m/z calculated for [C26H21NNaO5]: 450.4, found: 450.1 (100), HRMS; calcd: [M + Na]+ 450.1317, 
found: [M + Na]+ 450.1345.

Peptide Synthesis. Peptides were synthesized on a 2-chlorotrityl chloride resin to obtain the free 
C-terminal carboxylic acid peptides,27 using the Fmoc/tBu synthesis protocol. The peptides were 
synthesized on a 0.25 mmol scale. Before loading the resin, the trityl-resin was treated with SOCl2/
CH2Cl2 1:1 v/v. Subsequently, the resin was loaded with 4 equiv of  Fmoc-Glu(OtBu)-OH in the 
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presence of  8 equiv of  DiPEA in CH2Cl2 for 16 h. Then, the resin was capped using MeOH/
CH2Cl2/DiPEA 2:17:1 v/v/v for 20 min. 

The solid phase was continued using Fmoc/tBu chemistry. A synthetic cycle consisted of  Nα-
Fmoc removal by a treatment with 20% piperidine in NMP (3 × 2 min, 10 mL), a NMP wash (3 × 
2 min, 10 mL), a CH2Cl2 wash (3 × 2 min, 10 mL), a 60 min coupling step with 1.0 mmol (4 equiv) 
of  Fmoc amino acid in the presence of  1 mmol (4 equiv) of  HBTU/HOBt and 2 mmol (8 equiv) 
DIPEA, a NMP wash (3 × 2 min, 10 mL) and a CH2Cl2 wash (3 × 2 min, 10 mL).28 
Coupling of  the turn-inducing moiety 9 was performed using 0.5 mmol (2 equiv) of  compound 
9, 0.5 mmol (2 equiv) of  HATU/HOAt and 1 mmol (4 equiv) of  DiPEA.29 For peptide 1, the 
deprotection of  the Fmoc-protecting group was performed by a 2 times 20 min treatment with 
2% DBU and 2% piperidine in DMF. Peptide 2 was capped for 45 min using 1 mmol (4 equiv) of  
phenoxyacetic acid and HBTU/HOBt in the presence of  2 mmol (8 equiv) of  DiPEA. Peptides 3 
– 5 were capped using a mixture of  HOBt (15 mM), acetic acid anhydride (0.5 M) and DiPEA (125 
mM) in NMP (2 × 20 min, 10 mL).
Subsequently, the peptides were detached from the resin and deprotected using TFA/TIS/H2O 
95:2.5:2.5 v/v/v for 3 h at room temperature. The peptides were precipitated in MTBE/hexane 
1:1 v/v at 20 °C and finally lyophilized from tert-butanol/H2O 1:1 v/v. The peptides were purified 
using HPLC and characterized with mass spectrometry.

Peptide purification. The peptides were dissolved in an appropriate solvent and loaded onto 
an Adsorbosphere XL C8 HPLC column (90Å pore size, 10 μm particle size, 2.2 × 25 cm). The 
peptides were eluted with a flow rate of  10 mL/min using a linear gradient of  buffer B (100% in 
40 min) from 100% buffer A (buffer A: 0.1% TFA in CH3CN/H2O 5:95 v/v, buffer B: 0.1% TFA 
in CH3CN/H2O 95:5 v/v). The purities were evaluated by analytical HPLC on an Adsorbosphere 
XL C8 column (90Å pore size, 5 μm particle size, 0.46 × 25 cm) at a flow rate of  1.0 mL/min 
using a linear gradient of  buffer B (100% in 20 min) from 100% buffer A (buffer A: 0.1% TFA in 
CH3CN/H2O 5:95 v/v; buffer B: 0.1% TFA in CH3CN/H2O 95:5 v/v).

Table 2. ESI-MS and HPLC analysis data.

Peptide   Mass found [M+H]+ (calcd)  Rt /min  Peptide sequence
1  1040.75   (1040.55) 19.12     TI-KLVFFAE-NH2
2  987.20   (987.52)  20.20  Phenoxyacetyl-KLVFFAE-NH2
3  1023.20   (1023.59) 17.45                 AcK-KLVFFAE-NH2
4  1024.05   (1024.54) 18.12                 AcE-KLVFFAE-NH2
5  895.25    (895.49)  18.25                    Ac-KLVFFAE-NH2

Buffers systems for gelation-, TEM-, IR-, CD- and WAXS-experiments. pH 1: 0.1% TFA/
H2O, pH 7.4 (phosphate buffer): 1.8 mM NaH2PO4, 8.2 mM Na2HPO4, 100 mM NaCl, pH 11: 
0.1% TFA/H2O titrated to the correct pH using 0.1 M NaOH. 

Gelation experiments. Each peptide sample (10 mg) was dissolved in the appropriate buffer (1 
mL) at 25°C. The aggregation state was determined by eye at regular time intervals by tilting the 
test tube and check if  the solution still flowed. If  no flow was observed, gelation was said to have 
taken place.
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Transmission Electron Microscopy. A peptide gel/solution (10 mg/mL) aged for three weeks in 
the appropriate buffer was placed on a carbon coated copper grid (10 μL). After 15 min, any excess 
of  peptide was removed by washing the copper grid on a drop of  demi-water (this was repeated 
five times). Finally, the samples were stained using methylcellulose/uranyl acetate (aqueous 2% 
w/v) and dried on air. 

Cryo-TEM. An aliquot of  3 μL sample (10 mg/mL in the appropriate buffer) solution or gel was 
pipetted onto a glow discharged Quantifoil 2/2 grid in the environmental chamber of  a Vitrobot. 
The sample was blotted once during 1 s and rapidly plunged into liquid ethane. The grid was 
transferred to a Gatan cryoholder Model 626.

Infrared spectroscopy. A peptide gel/solution (10 mg/mL) aged for three weeks (100 μL) was 
lyophilized and subsequently resuspended in D2O (150 μL) and lyophilized. This treatment was 
repeated twice. A peptide sample was mixed with KBr and pressed into a pellet. The optical chamber 
was flushed with dry nitrogen for 1 min before data collection started. The interferograms from 
512 scans with a resolution of  2 cm-1 were averaged and corrected for H2O and KBr.

Wide Angle X-ray Spectroscopy (WAXS). X-ray data collection. Peptide solutions of  10 mg/ml 
were inserted into a 0.5 mm glass capillary, and were allowed to dry under ambient conditions. Data 
were collected on a Mar Image Plate using CuKα radiation from a BrukerAXS FR591 generator 
with rotating anode and Montel 200 mirrors. The capillaries were placed in a position perpendicular 
to the X-ray beam and at a distance of  250 mm from the detector.  The resolution ranges from 
~70-2.6 Å. Scattering from air, capillary and, if  applicable, water was subtracted by using in-house 
software (VIEW/EVAL).30

Preparation of  a ‘dehydrated sample’: A sample ‘pH1 hydrated’ was allowed do dry on air over 
a period of  12 hours and was still well hydrated (~20 mg/ml). It showed strong birefringence 
under the polarization microscope. Sample ‘pH1 dry’ was the same sample after 5 days of  drying. 
It formed a birefringent pellet. Sample ‘pH7 hydrated’ was measured at ~10 mg/ml. It formed a 
birefringent gel.
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Chapter 9

Microwave-assisted click polymerization for the synthesis 
of  Aβ(16-22) cyclic polymers.
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Introduction
The development of  peptide-based oligomers and polymers with unique self-assembly 
properties has been ongoing for many years now. Application of  such polymers are often 
found in drug delivery systems, medical devices, tissue engineering and catalysis.1 Interest in 
the field of  biomaterials is strongly emerging since peptide-based polymers have been made 
biocompatible towards cells and human tissue. Furthermore, there is an increasing interest 
in de novo design of  small molecules which are able to self-assemble into large supramolecular 
polymeric constructs since these small building blocks are easier to synthesize. 
Several examples of  small molecules like cyclic peptides have been reported in the literature 
which are able to self-assemble into supramolecular structures such as peptide nanotubes. 
Ghadiri was one of  the first to demonstrate that cyclic peptides, prepared from alternating 
L- and D- amino acids, were able to form peptide nanotubes via hydrogen bonding.2 Since 
then, several groups have reported on the self-assembly of  cyclic peptides.3 Furthermore, 
Reches and Gazit have used the hydrophobic Phe-Phe dipeptide core recognition motif  
of  Alzheimer’s Aβ peptide to prepare peptide nanotubes4 and Lynn and co-workers found 
that a peptide based on Aβ(16-22) self-assembles into peptide nanotubes at low pH.5 In 
general terms, amyloidogenic peptides have been chosen since they have a molecular self-
recognition function which is an intrinsic tendency to self-assemble and therefore might 
direct assembly of  peptides into desired supramolecular constructs.
In previous chapters, it was shown that amyloidogenic amylin(20-29) and Aβ(16-22) can 
serve as a template for biomaterial design via a self-assembly process.6 Chapter 8 describes 
the first attempts to synthesize a triangular shaped peptide construct which might be able 
to self-assemble into small nanostructures or spheres (see also Chapter 1, Figure 1).7 In 
this chapter, an alternative approach to obtain triangular shaped peptide constructs will be 
described. 

From previous studies in our group8 it is known that azido-alkyne dipeptides can be 
converted into polymers containing up to 300 amino acid residues using the Cu(I)-catalyzed 
Huisgen 1,3 dipolar cyclo-addition reaction or “click” reaction.9,10 It was also shown in these 
studies that a variation of  the concentration of  azido-alkyne monomer, product formation 
could be directed to either cyclic or linear polymers. Since the development of  the copper 
catalyzed “click reaction” it has been used for, among others, the preparation of  cyclic 
peptides.10 The triazole ring which is formed during the cycloaddition reaction, may not 
only promote cyclization, but is also a good mimic of  a peptide bond.11

It was hypothesized that the click reaction could facilitate the synthesis of  the designed cyclic 
triangular shaped peptide construct. Therefore, amyloidogenic Aβ(16-22) was converted 
into its azide-alkyne congener: N3-Lys-Leu-Val-Phe-Phe-Ala-Glu-propargyl amide (peptide 
1, Figure 1) and polymerized using the click reaction. 
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The Aβ(16-22) peptide is a highly amyloidogenic peptide sequence which rapidly forms 
anti-parallel β-sheets in aqueous solution. Exploitation of  β-sheet formation might result 
in novel material properties of  the Aβ(16-22) oligomers. Small cyclic peptides (trimers and 
tetramers) were of  specific interest to be synthesized and studied because of  their possible 
self-assembly properties (vide supra). In addition, hydrophobic and electrostatic interactions 
could promote self-assembly at an appropriate pH. Under physiological conditions, lysine 
and glutamic acid are charged and could be beneficial for electrostatic cross recognition of  
oligomers in the process of  self-assembly.

Figure 1. The Aβ(16-22) peptide converted into its azide-alkyne congener.

Figure 2. Cross-recognition of  amyloid peptide sequences in designed peptide triangles and squares.
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Results and discussion
To facilitate preparation of  the peptide, the alkyne- and azido amino acid building blocks 2 
and 3 respectively, were synthesized in solution. Alkyne monomer 2 was synthesized from 
commercially available Fmoc-Glu(OtBu)-OH. First, propargylamine was coupled to the 
carboxylic acid moiety, followed by cleavage of  the tert-butyl group under acidic conditions. 
Subsequently, N3-Lys(Boc)-OH 3 was prepared according to the method of  Lundquist and 
Pelletier (Scheme 1).12

Scheme 1. Synthesis of  azide- and alkyne building blocks.

Next, peptide 1, which served as a “monomer” for the click polymerization reaction, was 
synthesized in a straightforward manner using Fmoc/tBu chemistry (Scheme 2). The peptide 
was synthesized on a polystyrene resin functionalized with a 2-chloro trityl chloride linker.13 
The resin was loaded with compound 2, capped with methanol and base to deactivate any 
residual trityl chloride. The loading of  the resin was determined to be 0.46 mmol/g. Then, 
synthesis of  peptide 1 was continued using Fmoc/tBu chemistry, ending with the coupling 
of  compound 3. Peptide 1 was cleaved from the resin using TFA, TIS and H2O as cleavage 
and deprotection mixture (Scheme 2). The crude product was precipitated in cold MTBE/
hexane and subsequently lyophilized to give peptide 1 in a satisfactory yield and purity. It 
was characterized by electro spray mass spectrometry and its purity was analyzed by HPLC 
(Figure 3A). Analysis with infrared spectroscopy showed an absorption at 2107 cm-1 which 
confirmed the presence of  the azide functionality (Figure 3B).
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Scheme 2. Synthesis of  azido-alkyne peptide 1.

Figure 3. A: Analytical HPLC trace of  peptide 1. B: Infrared spectrum of  peptide 1.
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Next, monomer 1 was polymerized using the Cu(I) catalyzed 1,3 dipolar cycloaddition 
reaction. It is known that amyloidogenic peptide 1 has a strong tendency to aggregate, 
therefore, compound 1 was dissolved in degassed dimethylsulfoxide and CuOAc was added 
under a nitrogen atmosphere. The click reaction was performed using microwave irradiation 
for 30 min at 100°C (Scheme 3),8 after which the crude reaction mixture transformed to a 
gel.

The crude recation mixture was analyzed by MALDI-TOF and revealed the presence of  
at least four different compounds (Figure 4). Based on the molecular weight of  peptide 
1 (916.50 Da) it turned out that the peaks in the mass spectrum corresponded to a dimer 
(1831.54 Da), trimer (2749.34 Da), tetramer (3663.65 Da) and pentamer (4581.45 Da). 
Purification by preparative HPLC resulted in the isolation of  cyclic monomer 4 (14%) and 
cyclic dimer 5 (33%). Since the characteristic azide- and alkyne absorptions were absent in 
the infrared spectrum it was concluded that the isolated compounds were cyclic. Although 
the formation of  tri-, tetra- and pentamers was proved by MALDI-TOF, isolation by 
preparative HPLC was not successful.

Scheme 3. Synthesis of  cyclic oligomers of  Aβ(16-22).
 
The higher abundance of  the cyclic dimer 5 might be explained by a mechanism recently 
proposed by Finn and coworkers.14 This mechanism assumes that the favoured dimerization 
involves the formation of  a dialkyne complex ligated to Cu(I), which is followed by an 
energetically more favourable exo-like cyclization.9c,14,15 Furthermore, the 1,4 substituted 
triazole functionality has been described as a good β-turn inducing moiety and therefore 
promotes the anti-parallel organization of  the newly formed dimer which ultimately leads 
to the formation of  the cyclic dimer.16 
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Figure 4. MALDI-TOF spectrum of  the crude reaction mixture after a click reaction of  peptide 1.

Next, we studied the physical and self-assembling properties of  the obtained cyclic peptides 
4 and 5. For this purpose, a concentrated stock solution of  each individual peptide was 
prepared in DMSO which was diluted ten times in H2O (to a final concentration of  6 
mg/mL, pH 7). This solution was aged for three weeks to initiate self-assembly of  the 
cyclic peptides. As a comparison, peptide 1 was treated in the same manner. After this 
period of  incubation, the morphology of  supramolecular assemblies was visualized using 
transmission electron microscopy (TEM). The presence of  any secondary structure was 
investigated using infrared spectroscopy and circular dichroism.
For peptide 1, no gel formation was observed. Analysis by TEM however, showed the 
presence of  lamellar sheet-like assemblies (Figure 5A). Infrared spectroscopy revealed an 
absorption at 1628 cm-1 which indicated that these lamellar sheets consisted of  anti-parallel 
β-sheets.17,18 This result is in agreement with the literature since it was shown that N-terminal 
acylation resulted in an anti-parallel assembly of  Aβ(16-22).19
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Figure 5. TEM pictures of  peptide 1 (A), peptide 4 (B) and peptide 5 (C). Scale bars represent 500 nm.

For peptide 4, also no gel formation was observed. However, in this case, TEM analysis 
revealed the presence of  many broad fibre-like assemblies (a width up to 80 nm was observed, 
Figure 5B). These supramolecular constructs displayed different morphologies compared 
to peptide 1 (Figure 5A). Analysis by infrared spectroscopy indicated an absorption at 1672 
cm-1. The shift in wavenumber from 1628 to 1672 cm-1 might be explained by assuming 
that self-assembly is based on hydrophobic interactions and π-π interactions (Phe) or 
electrostatic interactions (Lys/Glu) rather than hydrogen bond formation via the peptide 
backbone. Moreover, CD-analysis showed a positive absorption at 193 nm and a negative 
absorption at 205 nm, which is also an indication that self-assembly of  cyclic peptide 4 is 
not caused by β-sheet formation. 
Peptide 5 gelled the solution after three weeks of  aging. Clearly, peptide 5 behaved differently 
compared to 4 since differences in morphology and in its CD-spectrum were observed. 
Analysis by electron microscopy revealed the presence of  fibres or fibril-like entities, which 
were thinner and longer compared to those formed by peptide 4 (Figure 5C). The CD-
spectrum of  5 (Figure 6) showed a positive absorption at 195 nm and a negative absorption 
at 230 nm, typical features of  a β-sheet conformation. The presence of  a β-sheet was 
confirmed by FTIR analysis since characteristic absorptions at 1636 and 1686 cm-1 were 
observed which were an indication for the presence of  an intra/inter strand hydrogen bond 
pattern.
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Figure 6. Circular dichroism spectra of  peptide 4 and peptide 5 in HFIP/H2O 1:9 v/v (concentration 0.3 
mg/mL).

Based on these experimental data the following models are proposed that explain the 
molecular interactions of  peptide 4 respectively 5. Peptide 4, the cyclic monomer in which 
a triazole is incorporated as part of  the backbone, is represented as its lowest energy 
conformation in which a single intramolecular hydrogen bond is found between the NH of  
the former propargylamide and the carbonyl oxygen of  Phe20, as shown in Figure 7A. The 
absence of  the amide I absorption at 1628 cm-1 strongly indicates that the self-assembly of  
peptide 4 into lamellar sheets is primarily based on electrostatic interactions between the 
lysine and glutamic acid side chains and π-π interactions via the phenylalanine side chains, 
as is schemetically represented in Figure 7B.
Since a triazole ring is a known β-turn inducer and in combination with the IR-data, the 
anti-parallel β-sheet as depicted in Figure 8 is proposed as a plausable model of  peptide 5. 
In this model, intrastrand hydrogen bonds as well as interstrand hydrogen bonds are in close 
agreement with the observed amide I absorption at 1636 cm-1. Moreover, intermoleculair 
interactions of  two cyclic dimers can be the result of  hydrogen bonding (interstrand 
interactions) and electrostatic interactions via the lysine and glutamic acid side chains. 
Unfortunately, a lowest energy conformation of  this cyclic peptide could not be obtained 
due to its high flexibility.
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Figure 7. A: Lowest energy conformation of  peptide 4 (Macromodel 7.0). B: Model for the self-assembly 
of  peptide 4.

The cyclic trimer and tetramer as depicted in Figure 1 could not be isolated in their pure 
form by preparative HPLC although an indication of  their formation was given by MALDI-
TOF. The triangular and square shapes of  these peptide constructs are rather speculative 
especially since the cyclic dimer 5 is too flexible to calculate a lowest energy conformation. 
Nevertheless, it has been shown that the structure of  the peptide: linear (1), cyclic monomer 
(4) and cyclic dimer (5) is an important factor which determines the molecular basis of  the 
self-assembly of  these peptides leading to different morphologies varying from lamellar 
sheets to amyloid-like fibrils. 
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Figure 8. Model of  self-assembly of  peptide 5.

Conclusions
In conclusion, an efficient and facile synthesis of  an azido/alkyne (Aβ16-22)-derived peptide 
was described. In the presence of  Cu(I)OAc, the azido/alkyne peptide could be oligomerized 
via a microwave-assisted 1,3-dipolar cycloaddition reaction into cyclic constructs containing 
up to five repeating units (35 amino acid residues) as judged by MALDI-TOF analysis. 
Two cyclic peptides (cyclic monomer 4 and cyclic dimer 5) were isolated by HPLC. Higher 
weight oligomers could not be isolated probably due to aggregation. The self-assembly and 
aggregation behaviour of  peptides 4 and 5 in water was studied by electron microscopy, 
infrared spectroscopy and circular dichroism. Striking differences in the role of  hydrogen 
bonds with respect to the self-assembly of  both peptides were found. These differences 
were most pronounced regarding the morphology of  the supramolecular assemblies ranging 
from lamellar sheets to amyloid-like fibrils.

Experimental Methods

General. Chemicals were obtained from commercial sources and used without further purification. 
Peptide grade solvents used for solid phase peptide synthesis were stored on 4Å molecular sieves. 
Microwave reactions were performed in a Biotage initiator apparatus with pressure and temperature 
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control. 1H-NMR spectra were recorded at 300 MHz or at 500 MHz and chemical shift values (δ) are 
given in ppm relative to TMS. 13C-NMR spectra (75 MHz) were recorded using the attached proton 
test (APT) pulse sequence and chemical shift values are given in ppm relative to DMSO-d6 (39.5 
ppm). Peptides were characterized using Electro Spray Mass Spectrometry (EI-MS) on a Finnigan 
LCQ Deca XP Max apparatus operating in a positive ionization mode. MALDI-TOF analyses 
were performed using a Kratos Axima CFR apparatus. Electron microscopy was performed on 
a Jeol 1200 EX transmission electron microscope operating at 60 kV. Fourier transform infrared 
spectra were measured on a BioRad FTS 6000 spectrophotometer. Circular dichroism spectra were 
measured on a OLIS RSM 1000 CD Spectrometer.

Synthesis of  Fmoc-Glu(OH)-propargyl amide (2). Fmoc-Glu(OtBu)-OH (4.3 g, 10 mmol), 
propargylamine hydrochloride (915 mg, 10 mmol) and BOP (4.4 g, 10 mmol) were dissolved in 
CH2Cl2 (100 mL) and DIPEA (3.6 mL, 21 mmol) was added. The obtained reaction mixture was 
stirred for 16 h at room temperature. Then, the solvent was removed under reduced pressure and 
the obtained residue was redissolved in EtOAc (150 mL). The organic solution was washed with 
1N KHSO4 (2 × 75 mL), saturated NaHCO3 (2 × 75 mL) and brine (50 mL). The organic layer was 
dried (Na2SO4) and subsequently concentrated in vacuo. The obtained reaction product was used 
without further purification in the next reaction step. Crude Fmoc-Glu(OtBu)-propargyl amide 
was dissolved in a mixture of  TFA/CH2Cl2 (100 mL 1:1 v/v) and the obtained reaction mixture 
was stirred for 2 h at room temperature. Subsequently, the reaction mixture was concentrated 
and coevaporated with CH2Cl2 to remove any residual TFA. Then, the product was purified by 
column chromatography (eluent: MeOH/CH2Cl2 5:95 v/v). Amide 2 was obtained as a white solid 
in 70% yield (2.8 g). M.p. 151-154°C; Rf  : 0.2 (MeOH/CH2Cl2 5:95 v/v); 1H-NMR (300 MHz, 
CDCl3/CD3OD 9:1 v/v): δ = 7.97 (s, 1H, NH propargyl), 7.78-7.30 (9H, m, NH Fmoc, CH Fmoc 
(1H + 8H), 4.40 (m, 2H, CH2 Fmoc), 4.23 (m, 2H, CH Fmoc, 1H α-CH Glu), 4.00 (m, 2H, CH2 
propargyl), 2.38 (m, 2H, γCH2 Glu), 2.30 (m, 1H, propargyl), 2.10-1.86 (double m, 2H, βCH2 Glu). 
13C-NMR (75 MHz, CDCl3/CD3OD 9:1 v/v): δ = 175.2, 171.6, 156.5, 143.4, 141.0, 127.5, 126.8, 
124.7, 119.6, 78.7, 71.2, 66.7, 53.6, 46.8, 29.7, 28.6, 27.5; ES TOF LCMS [M+H]+ found (calc); 
407.1626 (407.1607).

Synthesis of  N3-Lys(Boc)-OH (3). N3-Lys(Boc)-OH was synthesized starting with commercially 
available H-Lys(Boc)-OH according to protocols described by Lundquist IV.13 
First, NaN3 (19.5 g, 300 mmol) was dissolved in H2O (55 mL) and CH2Cl2 (88 mL), cooled on an 
ice bath and Tf2O (10 mL, 60 mmol) was added dropwise and the reaction mixture was stirred for 
2 h. Next, the aqueous layer was separated and washed with CH2Cl2. Then, H-Lys(Boc)-OH (3 g, 
12 mmol) was dissolved in H2O (36 mL) and MeOH (72 mL), K2CO3 (2.3 g, 17 mmol) and CuSO4 
(21 mg, 0.1 mmol) were added. Subsequently, the combined CH2Cl2 layers containing triflic azide 
were added to the reaction mixture and stirred for 18 h. The reaction mixture was concentrated and 
H2O was added (50 mL). The pH was adjusted to 7 with 1N KHSO4 and the mixture was diluted 
with phosphate buffer (0.25 M, pH 6.2). The aqueous layer was washed with EtOAc (3 × 50 mL), 
followed by acidification to pH 2 using 1N KHSO4. The crude product was obtained by extraction 
with EtOAc (3 × 50 mL) and purified with column chromatography (eluent CH2Cl2/MeOH 95:5 
v/v) and azide 3 was obtained as a slightly yellowish oil in 90% yield (2.94 g). Analysis data were 
agreement with literature. [α]25

D: -20.9 (c = 1.04, CHCl3; lit1: -19.0 (c = 1, CHCl3)); Rf = 0.57 
(CHCl3/MeOH/AcOH 90:18:3 v/v/v). 1H-NMR (300 MHz, CDCl3): δ = 10.45 (s, 1H, COOH), 
4.71 (s, 1H, NH Boc), 3.91 (t, 1H, α-CH), 3.13 (s, 4H, CH2, ε-CH2 Lys), 1.84 (m, 2H, βCH2 Lys), 
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1.52 (m, 13H, δ CH2, γ CH2 en Boc CH3). 
13C-NMR (75 MHz, CDCl3): δ = 174.4, 156.3, 79.7, 61.8, 

40.2, 30.9, 29.4, 28.4, 22.8.

Solid phase peptide synthesis of  N3-Lys-Leu-Val-Phe-Phe-Ala-Glu-propargyl amide (1):
A polystyrene resin functionalized with a 2-chloro Trityl linker (1 g, initial loading: 1 mmol/g) was 
loaded with Fmoc-Glu-(OH)-propargyl amide (1.2 g, 3 mmol) in DCM (10 mL) in the presence 
of  DiPEA (1.6 mL, 9 mmol) for 16 h. Subsequently, unreacted tritylchloride moieties were capped 
with methanol (MeOH/CH2Cl2/DiPEA 2:17:1 v/v/v, 2 × 10 mL, 20 min). The amount of  
Fmoc-Glu(OH)-propargyl amide coupled to the resin was determined by an Fmoc-determination 
according to Meienhofer20 and was found to be 0.46 mmol/g. The peptide sequence was synthesized 
using Fmoc/tBu SPPS protocols on a 0.25 mmol scale (540 mg of  resin was used). The N-terminal 
N3-Lys(Boc)-OH was coupled with HBTU/HOBt (2 equiv) and DIPEA (4 equiv) during 2 h. The 
coupling reactions were monitored with the Kaiser test.21 The peptide was deprotected and cleaved 
from the resin with TFA/TIS/H2O (95:2.5:2.5 v/v/v) and precipitated in MTBE/hexane (1:1 
v/v) at –20°C. The crude peptide was lyophilized from tert-BuOH/H2O (1:1 v/v). Peptide 1 was 
obtained in 74% yield (310 mg). 
EI-MS m/z; found (calc.): 916.97 (916.50) [M+H]+; 1H-NMR(300 MHz, DMSO-d6): δ = 8.37-8.30 
(m, 2H, NH propargyl amide + NH Val), 8.18 (d J = 7.2 Hz, 1H, NH Ala) , 8.11 (d J = 8.0 Hz, 1H, 
NH Phe), 8.00-7.93 (m, 2H, NH Phe + NH Glu), 7.83 (d J = 8.8 Hz, 1H, NH Leu), 7.24-7.18 (m, 
10H, arom H Phe (2 × 5H)), 4.53 (m, 2H, α-CH Phe (2 × 1H)), 4.38-4.23 (m, 3H, α-CH Ala, Val, 
Glu), 4.08 (t, J = 7.8 Hz, 1H, α-CH Leu), 3.85 (m, 2H, CH2 propargyl), 3.77 (t, J = 6.9 Hz, 1H, α-
CH Lys), 3.12 (m, 1H, CH propargyl), 3.05-2.68 (m, 4H, β-CH2 Phe (2 × 2H)), 2.75 (m, 2H, ε-CH2 
Lys), 2.22 (m, 2H, γ-CH2 Glu), 1.86-1.73 (m, 3H, β-CH2 Leu, γ-CH Leu), 1.86-1.73 (m, 2H, β-CH2 
Glu), 1.73-1.30 (m, 6H, β, γ,δ-CH2 Lys), 1.53 (m, 1H, β-CH Val), 1.21 (d J = 7.2 Hz, 3H, CH3 Ala), 
0.84 (dd, 6H, γ/γ’ CH3 Val), 0.71 (d J = 4.4 Hz, 6H, δ/δ’ CH3 Leu).

Polymerization of  N3-Lys-Leu-Val-Phe-Phe-Ala-Glu-propargyl amide (1). Monomer 1 (40 
mg, 43 μmol) was dissolved in N2-purged dimethylsulfoxide (DMSO) (2 mL), and CuOAc (3 mg,  
25 μmol) was added. The reaction mixture was placed in the microwave reactor and irradiated at 
100 °C for 30 min. The clear solution was transformed into a turbid gel. The gel was dissolved in 
additional DMSO (3 mL) and transferred into small tubes. The solvent was evaporated in vacuo 
(speedvac). The obtained solid was dissolved in H2O/CH3CN (1:1 v/v) and lyophilized. The crude 
mixture of  oligomers was obtained in quantitative yield (40 mg). The different oligomers were 
separated by preparative HPLC. Peptide 4 was obtained as a white powder in 6 mg yield (14%) and 
peptide 5 was obtained as a white powder in 13 mg yield (33%).  

Peptide purification and analysis. Preparative HPLC runs were carried out on an Applied 
Biosystems 400 Semi Automated HPLC System equipped with an Applied Biosystems 757 UV/VIS 
Absorbance Detector (λ = 214 nm). The crude lyophilized peptides were dissolved in a minimum 
amount of  TFA and loaded onto an Alltech Prosphere C4 column (250 × 22 mm, particle size:10 
mm, pore size: 300Å). The peptides were eluted with a flow rate of  10 mL/min using a linear 
gradient of  buffer B (75% in 120 min) from 100% buffer A (buffer A: 0.1% TFA in CH3CN/H2O 
5:95 v/v, buffer B: 0.1% TFA in CH3CN/H2O 95:5 v/v).
The purities were evaluated by analytical HPLC on an Adsorbosphere XL C8 column (90Å pore 
size, 5 μm particle size, 0.46 × 25 cm) at a flow rate of  1.0 mL/min using a linear gradient of  buffer 
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B (100% in 20 min) from 100% buffer A (buffer A: 0.1% TFA in CH3CN/H2O 5:95 v/v; buffer B: 
0.1% TFA in CH3CN/H2O 95:5 v/v). Retention time peptide 4: 19.6 min; peptide 5: 19.1 min. 

Peptide characterization. The peptides were characterized by MALDI-TOF mass spectrometry, 
with ACTH(18-39) as an external reference (monoisotopic [M + H]+: 2465.1989) and α-cyano-
4-hydroxy-cinnamic acid as matrix. The mass of  each analogue was measured and the observed 
monoisotopic [M + H]+ values were correlated with the calculated [M + H]+ values. Mass found 
(calc): peptide 4, 916.6720 (916.5045); peptide 5, 1831.5422 (1832.0012).

Gelation experiments. Each peptide sample (6 mg) was dissolved in DMSO/H2O (1:9 v/v, 1 
mL) at 25°C. The aggregation state was determined by eye at regular time intervals by tilting the 
test tube and check if  the solution still flowed. If  no flow was observed, gelation was said to have 
taken place.

Transmission Electron Microscopy. From peptide gel/solution (6 mg/mL in DMSO/H2O 1:9 
v/v) which was aged for three weeks, 10 μL sample was placed on a carbon coated copper grid. 
After 15 min, any excess of  peptide was removed by washing the copper grid on a drop of  demi-
water (this was repeated five times). Finally, the samples were negatively stained by methylcellulose/
uranyl acetate and dried on air.
 
Circular Dichroism. CD spectra were measured at 1.0 nm intervals in the range of  190-250 nm 
as the average of  10 scans using a spectral band width of  1.0 nm in 2 mm cuvettes thermostated 
at 20°C with the optical chamber continually flushed with dry N2 gas. A sample was prepared by a 
ten times dilution of  a stock solution in HFIP with a final concentration of  0.3 mg/mL. The clear 
peptide solution (HFIP/H2O 1:9 v/v) was measured directly after preparation.
 
Fourier transform infrared spectroscopy. A peptide gel/solution (6 mg/mL in DMSO/H2O 
1:9 v/v) aged for three weeks (100 μL) was lyophilized and subsequently resuspended in D2O (150 
μL) and lyophilized. This treatment was repeated twice. A peptide sample was mixed with KBr 
and pressed into a pellet. The optical chamber was flushed with dry nitrogen for 1 min before data 
collection started. The interferograms from 128 scans with a resolution of  2 cm-1 were averaged 
and corrected for H2O and KBr.

Computational modelling.22 A lowest energy conformation of  peptides 1 and 4 were calculated 
on a SiliconGraphics O2 workstation with MacroModel 7.0 using the organic builder and the 
peptide builder in the grow mode. MMFF94 was used as a force field. After construction, the 
structures were minimized on an Origin200 Server using Molecular Mechanics calculations with 
the following settings: MMFF94 (GB/SA water solvent model, planar N’s),22a MCMM (Monte 
Carlo Multiple Minimum, conformational search), PCRG, CCrit 0.01 kJ/molÅ, iterations > max. 
RCG: Conjungate gradient minimization using the Polak-Ribiere first derivative method with 
restarts every 3N iterations. Should not find saddle points. Best general minimization method for 
energy minimization. BatchMin code for carrying out this method is highly vectorized for efficient 
operation on vector hardware.22b Iterations/stop, sets the maximum number of  iterations Batchmin 
will use to energy minimize a structure.
Finally, a conformational search was carried out starting with the minimized structure using a Monte 
Carlo run which generated 1000 structures (all appropriate single bonds will become variable, all 
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double bonds, amide bonds and ester bonds will become constrained, potential chiral centers will 
be set and flexible rings will be opened). The goal of  the conformational searching was to locate the 
low-energy conformations of  the structure of  interest. The settings of  a standard conformational 
search: Monte Carlo Multiple Minimum (MCMM); Number of  steps: 1000; Solvent: H2O. After 
each MCMM step , the structure was again minimized (with the same settings as above). Lowest 
energy conformation for peptide 1: -56.0 kJ/mol; peptide 4: +6.4 kJ/mol. The structure of  peptide 
5 could not be minimized by MacroModel 7.0 due to the presence of  too many flexible bonds.
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List of  abbreviations

Abbreviations of  amino acids

Xxx X amino acid

Ala A L-Alanine
Arg R L-Arginine
Asn N L-Asparagine
Cys C L-Cysteine
Gln Q L-Glutamine
Glu E L-Glutamic acid
Gly G Glycine
His H L-Histidine
Ile I L-Isoleucine
Leu L L-Leucine
Lys K L-Lysine
Phe F L-Phenylalanine
Ser S L-Serine
Thr T L-Threonine
Tyr Y L-Tyrosine
Val V L-Valine

NXxx  peptoid analog of  the amino acid Xxx
NNle  N-Norleucine
NIle  N-Isoleucine
Glyc  α-hydroxy acid congener of  glycine / glycolic acid
Ilec  α-hydroxy acid congener of  isoleucine

Ac  acetyl
AFM  atomic force microscopy
APT  attached proton test
Bn  benzyl
Boc  tert-butyloxycarbonyl
BOP benzotriazol-1-yl-oxy-tris-(dimethylamino)phosphonium hexafluorophosphate
BPB  bromophenol blue
iBu  iso-butyl
tBu  tert-butyl
BTC  triphosgene (bis[trichloromethyl]carbonate)
CD  circular dichroism
d  doublet
Da  dalton
kDa  kilo dalton
DABCO 1,4-diazabicyclo[2.2.2]octane
DBU  1,8-diazabicyclo[5.4.0]undec-7-ene
DCC  N,N’-dicyclohexylcarbodiimide
DCM  dichloromethane
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DCE  1,2-dichloroethane
DCU  N,N’-dicyclohexylurea
DIAD  diisopropyl azodicarboxylate
DIC  N,N’-diisopropylcarbodiimide
DiPEA  N,N-diisopropylethylamine
DMAP  4-(N,N-dimethylamino)pyridine
DMF  N,N-dimethylformamide
DMSO  dimethyl sulfoxide
DOPC  1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPS  1,2-dioleoyl-sn-glycero-3-phospho-L-serine
EDCI  N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
EDT  1,2-ethanedithiol
ESI-MS electro spray ionization mass spectrometry
EtOAc  ethylacetate
Fmoc  9-fluorenylmethyloxycarbonyl
FTIR  Fourier transform infrared
HATU N-[(dimethylamino)-1H-1,2,3-triazole[4,5-b]pyridin-1-yl-methylene]-N-

methylmethanaminium hexafluorophosphate N-oxide
HBTU  2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
HFIP  (1,1,1,3,3,3)-hexafluoro-2-isopropanol
HOBt  N-hydroxybenzotriazole
HOAt  1-hydroxy-7-azabenzotriazole
HPLC  high pressure liquid chromatography
HRMS  high resolution mass spectrometry
HSQC  heteronuclear single quantum correlation
J  coupling constant
LUV  large unilamellar vesicle
m  multiplet
MALDI-TOF matrix assisted laser desorption ionization time of  flight
MHz  megahertz
Mp  melting point
MTBE  tert-butyl methylether
m/z  mass to charge ratio
oNBS  2-nitrobenzenesulfonyl
pNBS  4-nitrobenzenesulfonyl
NMM  N-methyl morpholine
NMP  N-methyl pyrrolidone
NMR  nuclear magnetic resonance
NOESY nuclear Overhauser effect spectroscopy
Ph  phenyl
ppm  parts per million
Rf   retardation factor
Rt  retention time
s  singlet
SPPS  solid phase peptide synthesis
Su  succinimide
t  triplet
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TDM  4,4’-methylene bis(N,N’-dimethylaniline)
TEA  triethylamine
TEM  transmission electron microscopy
TFA  trifluoroacetic acid
THF  tetrahydrofuran
TIS   triisopropylsilane
TLC  thin layer chromatography
TNBS  2,4,6-trinitrobenzenesulfonic acid
TOCSY total correlation spectroscopy
Tos  tosyl (para-toluenesulfonyl)
Trt  trityl
WAXS  wide angle X-ray scattering
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Summary

Misfolding of  proteins from their soluble form into highly insoluble fibrillar deposits can 
lead to (non-)neurodegenerative disorders or systemic amyloidosis. This class of  diseases 
(for which no therapy is available yet) is called amyloid diseases. Amyloid refers to the 
extracellular proteinaceous deposits consisting of  fibrils. Fibrils are oligomers of  misfolded 
peptides/proteins which are characterized by folding into β-pleated sheets. A well accepted 
approach for the interference with β-sheet formation is the design of  soluble β-sheet 
mimetics that are able to disrupt the hydrogen bonding network which ultimately leads to 
the disassembly of  fibrils and aggregates.
Chapter 1 describes an overview of  the current knowledge regarding amyloid formation of  
human amylin. An overview is given of  several studies on fibril formation from an unfolded 
native state to protofibrils and amyloid plaques. The secondary structures involved in this 
process, as well as a proposed model of  amyloid structure, are discussed. Additionally, an 
overview is presented of  known inhibitors that inhibit fibril formation of  human amylin. 
Since chapters 8 and 9 are focused on the exploration of  amyloid peptides for use as 
a template in biomaterial design, a short introduction on this topic is given which deals 
with the self-assembly of  peptides - with a designed ‘triangular shape’ - into functional 
biomaterials.
The first part of  this thesis describes the development of  newly designed soluble β-sheet 
breaker peptides based on human amylin. Several approaches towards such β-sheet breaker 
peptides were investigated and the results are described in chapters 2 to 6. 
In chapter 2, the synthesis, spectroscopic analysis and aggregation behaviour, of  several 
backbone-modified amylin(20-29) derivatives is described. Three modified amide bonds at 
alternate positions were introduced such as ester bonds, N-butylated amides, and peptoids, 
using amylin(20-29) as core sequence. It was found that these amylin derivatives were not 
able to form fibrils and they were able to inhibit fibril growth of  native amylin(20-29) to 
some extent. Surprisingly, however, the depsipeptide and the N-butylated peptide were 
able to form large supramolecular assemblies like helical ribbons and peptide nanotubes in 
which β-sheet formation was clearly absent. This was quite unexpected since these peptides 
have been designed as soluble β-sheet breakers to disrupt the characteristic hydrogen 
bonding network of  (anti-)parallel β-sheets. Apparently, the increased hydrophobicity and 
the presence of  an essential amino acid side chain (isoleucine 26) of  these amylin(20-29) 
derivatives, were found to be the driving force for self-assembly into helical ribbons and 
peptide nanotubes. On the other hand, the peptoid derivative in which three alternating 
N-butylated glycines were introduced, showed good inhibitory properties, however, this 
peptide was not able to reverse fibril formation of  amylin(20-29).
In chapter 3, the synthesis of  the chiral peptoid building block of  L-isoleucine, the solid 
phase synthesis of  the peptoid and retropeptoid sequences of  amylin(20-29), and the 
structural analysis of  these amylin derivatives in solution by infrared spectroscopy, circular 
dichroism, and transmission electron microscopy, is described. It was found that the peptoid 
sequence did not form amyloid fibrils or any other secondary structures and was able to 
inhibit amyloid formation of  native amylin(20-29). Although the retropeptoid did not form 
amyloid fibrils it had only modest amyloid inhibitory properties since supramolecular tapes 
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were formed. The peptoid and retropeptoid were not able to reverse fibril formation of  
amylin(20-29).
In chapter 4, the incorporation of  a single β-aminoethane sulfonyl amide moiety in the 
highly amyloidogenic peptide sequence amylin(20-29) is described. Previously, it was found 
that the sulfonamide moiety was able to disrupt the helical secondary structure of  model 
peptides. This was the rationale to incorporate a single β-aminoethane sulfonamide into a 
peptide with a high tendency to form β-sheets. The incorporation of  a single sulfonamide 
moiety resulted in a complete loss of  amyloid formation, however, the different H-bond 
donor/acceptor properties of  a sulfonamide compared to an amide functionality directed 
the self-assembly into distinctive supramolecular morphologies. Subsequent chemoselective 
N-alkylation of  the sulfonamide with a diverse set of  alcohols by means of  the Mitsunobu 
reaction, resulted in amphiphilic peptide-based hydrogelators. It was found that variation 
of  merely the alkyl chain induced a impressive diversity in aggregation motifs such as 
helical ribbons and tapes, ribbons progressing to closed tubes, twisted lamellar sheets and 
entangled/branched fibers.
Chapter 5 describes the incorporation of  an aminooxy moiety in the amylin(20-29) 
sequence and its subsequent benzylation featuring the Mitsunobu reaction. The backbone-
modified aminooxy peptide was still able to form amyloid fibrils due to the presence of  an 
essential hydrogen bond. Benzylation, however, disrupts the hydrogen bond network and 
fibril formation is arrested. The gelation behaviour of  both peptides could be correlated 
with their tendency to form β-sheets. The latter was confirmed by infrared spectroscopy, 
transmission electron microscopy and circular dichroism. These insights into the subtle role 
of  hydrogen bonds will help to understand the molecular basis of  amyloidosis.
Chapter 6 deals with the synthesis of  the enantiomer of  the L-depsipeptide as was described 
in chapter 2. Besides the synthesis of  the building blocks and the D-depsipeptide, factors 
that determine the chirality of  supramolecular helical tapes formed by these backbone-
modified amylin(20-29) depsipeptides were studied by Fourier transform infrared 
spectroscopy, circular dichroism and transmission electron microscopy. Although β-sheet 
formation was absent in both peptides, it was found that the L-depsipeptide formed left-
handed and the enantiomeric D-depsipeptide right-handed helical tapes. This observation 
underscored hydrophobicity as driving force in the self-assembly of  these amylin derivatives. 
Moreover, both enantiomers, showed a certain degree of  cross-recognition which might 
have implications in designing amyloid formation inhibitors.
From the literature it is known that the pH has a strong influence on the rate of  aggregation 
of  human amylin (1-37). Therefore, in chapter 7, aggregation studies of  native amylin(1-
37) and derivatives using NMR-spectroscopy are described. The role of  histidine 18 in 
full-length amylin was studied to reveal the initial changes in secondary structure and fibril 
formation. The aggregation behaviour of  amylin(1-37) below and near physiological pH 
was monitored in real-time by NMR spectroscopy, in order to pinpoint the initial structural 
changes that occured in the peptide during the aggregation process. Various amylin(1-37) 
derivatives were synthesized, in which the native histidine at position 18 was replaced by 
either arginine, glutamic acid or lysine, to evaluate the influence and charged state of  these 
particular amino acid residues in a pH-dependent amyloid aggregation assay. It turned out 
that the His18Arg derivative was stable in solution (pH 5.5) in contrast to native amylin. 
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However, at pH 7.5, the His18Arg peptide aggregated much faster than the native peptide. 
In a second independent assay, both peptides were allowed to interact with calcein-
loaded phospholipid vesicles and membrane disruption by any of  these peptides could 
be measured by a release of  the fluorophore. Native amylin showed up with the highest 
membrane permeability while the His18Arg derivative showed almost inertness toward the 
phospholipid membrane. Both results seemed to be in conflict with each other. However, 
membrane disruption is thought to be induced by proto-fibrils, small (soluble) intermediates 
during the process of  aggregation from a single monomeric peptide to a (insoluble) mature 
fibril. A rapid aggregation as observed for the His18Arg derivative might imply that less 
proto-fibrils are formed which probably explains the lower fluorescence release.

In Chapter 2 and 4 it was shown that amyloidogenic peptides can serve as a template for 
the self-assembly into bionanomaterials. This approach in biomaterial design was further 
explored and described in chapter 8. Herein, the design of  a covalent ‘triangular’ shaped 
molecule with amyloidogenic Aβ(16-22) as a repeating unit and functioning as a cross 
recognition motif, is described. Identical ‘triangular’ shaped molecules might be capable to 
induce spontaneous self-assembly into nanospheres like viral capsids or triangular shaped 
tubular nanostructures. The self-assembly of  the amyloidogenic peptide Aβ(16-22) capped 
with an N-terminal turn inducing moiety, was studied. By means of  electron microscopy, 
different supramolecular aggregation morphologies were observed as function of  the pH 
like peptide nanotubes, amyloid fibrils and helical tapes. Based on these results, a structure-
activity-relationship study was performed in which different N-terminal capping groups 
determined the ionization state of  the whole peptide as function of  the pH. These N-
terminal modifications in relation to the pH had a dramatic impact on the supramolecular 
morphology of  the Aβ(16-22) peptides. Although the self-assembly was driven by β-
sheet formation, hydrophobicity and electrostatic interactions were responsible for subtle 
variations in the observed morphologies.
Chapter 9 describes an alternative approach towards the synthesis of  ‘triangular’ shaped 
peptide constructs as described in chapter 8. Herein, an efficient and facile synthesis of  
an N-azido/C-alkynyl Aβ(16-22) derivative is described. Since peptides containing both 
an azide and an alkyne moiety can be polymerized using the microwave-assisted Cu(I)-
catalyzed 1,3-dipolar cycloaddition reaction, this synthetic approach was chosen to obtain 
cyclic Aβ(16-22) oligomers. The cyclic monomer and dimer that were isolated by HPLC 
were studied with respect to their self-assembly behavior and striking differences in the role 
of  hydrogen bonds were found. These differences were most pronounced regarding the 
morphology of  the supramolecular assemblies ranging from lamellar sheets to amyloid-like 
fibrils.



167

Samenvatting in het Nederlands 

De misvouwing van eiwitten wordt gezien als een belangrijke oorzaak van tot nu toe nog 
ongeneeslijke ziekten, zoals diabetes type 2, Alzheimer en Parkinson. Ontvouwing van 
eiwitten met de daarop volgende onnatuurlijke vouwing in karakteristieke β-sheets leidt tot 
de vorming van vezels die ook wel fibrillen worden genoemd. De afzetting van deze vezels 
rondom cellen wordt amyloïd genoemd. Daarom wordt deze klasse van ziekten ook wel 
aangeduid als amyloïd ziekten.
Diabetes type 2, ofwel ouderdomssuikerziekte, is een chronische ziekte die bij meer dan 
180 miljoen mensen wereldwijd voorkomt. Het eiwit amyline speelt hierin een belangrijke 
rol. Amyline wordt samen met insuline geproduceerd door β-cellen in de eilandjes van 
Langerhans in de alvleesklier. De ontvouwing en afzetting van amyline leidt tot de dood 
van deze β-cellen. Vervolgens moeten minder β-cellen eenzelfde hoeveelheid insuline 
produceren. Hierdoor wordt meer amyloid gevormd en ontstaat een negatieve cyclus die 
leidt tot de progressie van diabetes type 2. 
Een veel gebruikte benadering om de vorming van β-sheets te blokkeren, is het ontwerpen 
van oplosbare β-sheet brekende peptiden die het gevormde waterstofbrugnetwerk in een 
β-sheet kunnen verstoren. Dit proefschrift beschrijft de ontwikkeling van deze β-sheet 
brekende peptiden die het ontstaan van eiwitafzettingen door humaan amyline tegengaan 
of  dit proces van eiwitafzetting kunnen omkeren.

In hoofdstuk 1 wordt een overzicht gegeven van de huidige kennis aangaande amyloïd 
vorming van amyline. Er wordt een overzicht gegeven van verschillende studies naar 
fibrilvorming vanuit een oorspronkelijke niet-gestructureerde toestand tot protofibrillen 
en uiteindelijk amyloïd afzettingen. Zowel de secundaire structuren die betrokken zijn bij 
dit proces, als een mogelijk model van de amyloïd structuur, worden beschreven. Daaraan 
toegevoegd is een overzicht van remmers die fibrilvorming van amyline blokkeren.
De hoofdstukken 8 en 9 zijn toegespitst op het gebruik van amyloïd peptiden die als basis 
dienden voor het ontwerp van biomaterialen. Daarom wordt een korte introductie over dit 
onderwerp gegeven waarin specifiek ingegaan wordt op de zelf-organisatie van peptiden, 
met een ontworpen ‘driehoekige’ vorm, in functionele bionanomaterialen.
In hoofdstuk 2 wordt de synthese, de spectroscopische analyse en het aggregatiegedrag 
beschreven van verschillende backbone-gemodificeerde amyline(20-29) derivaten. Er werden 
drie aangepaste amidebindingen geïntroduceerd op alternerende posities, zoals ester 
bindingen, N-gebutyleerde amiden en peptoiden waarbij amyline(20-29) werd gebruikt als 
uitgangssequentie. Er werd aangetoond dat deze amyline derivaten geen fibrillen vormden 
en tot op zekere hoogte in staat waren fibrilvorming van amyline(20-29) te remmen. Het 
depsipeptide en N-butyl peptide waren daarentegen in staat zichzelf  te assembleren tot 
supramoleculaire structuren, zoals helische linten en peptide nanobuizen waarin geen β-
sheets aanwezig waren. Dit was onverwacht, aangezien deze peptiden ontworpen waren als 
oplosbare β-sheet brekende peptiden die het karakteristieke waterstofbrugpatroon van een 
(anti-)parallelle β-sheet kunnen verbreken. Waarschijnlijk zijn de verhoogde hydrofobiciteit 
en de aanwezigheid van enkele belangrijke aminozuur zijketens van de ontworpen amyline(20-
29) derivaten, zoals isoleucine 26, de drijvende kracht achter de zelf-ordening in helische 
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linten en peptide nanobuizen. Hoewel het peptoide derivaat, waarin drie N-gebutyleerde 
glycines zijn geïntroduceerd, goede remmende eigenschappen liet zien, was het niet in staat 
om fibrilvorming ongedaan te maken.
In hoofdstuk 3 wordt ten eerste de synthese van de chirale peptoide bouwsteen van L-
isoleucine beschreven. Ten tweede wordt de vaste drager synthese van de peptoide- 
en retropeptoide-sequenties van amyline(20-29) beschreven. Tenslotte wordt de 
structuuranalyse van deze amyline derivaten in oplossing beschreven waarbij infrarood 
spectroscopie, circulaire dichroisme en transmissie electronen microscopie de gebruikte 
analytische technieken waren. Er werd aangetoond dat de peptoide sequentie geen fibrillen 
vormde of  enig andere secundaire structuur en bovendien in staat was om fibrilvorming 
van natief  amyline(20-29) te remmen. Hoewel het retropeptoide geen fibrillen vormde, had 
het matig remmende eigenschappen omdat er supramoleculaire linten waren gevormd. Het 
peptoide en retropeptoide waren echter niet in staat om fibrilvorming van amyline(20-29) 
ongedaan te maken.
In hoofdstuk 4 wordt het inbouwen van een β-aminoethaan sulfonylamide eenheid in 
een zeer amyloïdogene peptidesequentie beschreven. Er werd eerder al aangetoond dat 
de sulfonamide groep in staat was tot het opbreken van de secundaire structuur van 
modelpeptiden die helices vormen. Dit was een beweegreden om een β-aminoethaan 
sulfonylamide eenheid in te bouwen in een peptide dat een sterke neiging heeft om β-
sheets te vormen. Het inbouwen van een sulfonamide eenheid verhinderde fibrilvorming. 
De verschillen in waterstofbrug-donor/-acceptor eigenschappen van een sulfonamide 
eenheid, vergeleken met een amide groep, stuurden de zelf-ordening in diverse 
supramoleculaire vouwingsmorfologieën. De N-alkylering van de sulfonamide groep met 
behulp van de Mitsunobu reactie en verschillende alcoholen resulteerde in op peptiden 
gebaseerde amfifilische hydrogelatoren. Slechts de variatie van de alkylketen genereerde 
een indrukwekkende diversiteit aan aggregatiemorfologieën, zoals helische linten en ‘tapes’, 
linten die zich tot buizen vormden en vertakte vezels.
In hoofdstuk 5 wordt de invoering van een α-aminooxy eenheid in de amyline(20-29) 
sequentie en de daarop volgende benzylering met de Mitsunobu reactie beschreven. 
Het aminooxy peptide was nog steeds in staat om amyloïd fibrillen te vormen door de 
aanwezigheid van een essentieel waterstofbrugnetwerk. Benzylering verbrak daarentegen 
het waterstofbrugnetwerk en fibrilvorming werd verhinderd. Het gelvormingsgedrag van 
beide peptiden kan gecorreleerd worden aan hun mogelijkheid om β-sheets te vormen. Dit 
werd aangetoond door middel van FTIR, TEM en CD.
Hoofdstuk 6 gaat verder in op de synthese van het enantiomeer van het L-depsipeptide, 
welke in hoofdstuk 2 is beschreven. Naast de synthese van bouwstenen en het D-depsipeptide 
werden ook factoren bestudeerd die de chiraliteit van de supramoleculaire linten bepalen. 
De zelforganisatie van de enantiomere amyline(20-29) depsipeptiden werden bestudeerd 
met infrarood spectroscopie, circulaire dichroisme en electronen microscopie. Hoewel β-
sheet vorming afwezig was bij beide peptiden, werd aangetoond dat het L-depsipeptide 
linkshandige en het enantiomere D-depsipeptide rechtshandige helische linten vormde. Ook 
lieten de gemodificeerde depsipeptiden een zekere mate van kruisherkenning zien tussen de 
verschillende enantiomeren, wat implicaties heeft voor de ontwikkeling van remmers tegen 
amyloïd vorming.
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Uit de literatuur is bekend dat de pH een belangrijke invloed heeft op de snelheid van aggregatie 
van humaan amyline(1-37). In hoofdstuk 7 worden aggregatiestudies beschreven van natief  
amyline(1-37) en derivaten hiervan met behulp van NMR-spectroscopie. De rol van histidine 
18 in amyline(1-37) werd bestudeerd om de initiële veranderingen te onderzoeken in de 
secundaire structuur die van invloed kunnen zijn op fibrilvorming. In het eerste experiment 
werd het aggregatiegedrag van amyline(1-37) onder en nabij fysiologische pH bestudeerd 
met (real-time) NMR-spectroscopie, om de eerste structuurveranderingen aan te wijzen die 
plaatsvinden in het peptide tijdens het aggregatieproces. Vervolgens werden verschillende 
amyline(1-37) derivaten gesynthetiseerd, waarbij histidine in natief  amyline was vervangen 
door arginine, glutaminezuur of  lysine om de invloed van deze aminozuurresiduen en de 
daarbij behorende ladingstoestand in een pH-afhankelijke aggregatiestudie te bestuderen. 
Het bleek dat het His18Arg derivaat stabiel was in oplossing (pH 5.5) in tegenstelling tot 
natief  amyline. Aan de andere kant aggregeerde het His18Arg derivaat bij pH 7.5 sneller dan 
natief  amyline. In een tweede onafhankelijk experiment werden beide peptiden toegevoegd 
aan met calceïne gevulde fosfolipide-vesicles en werd membraanverstoring aangetoond door 
het vrijgekomen fluorofoor. De hoogste membraanpermeabiliteit werd waargenomen voor 
natief  amyline, terwijl het His18Arg derivaat zich nauwelijks reactief  gedroeg tegenover het 
fosfolipide membraan. Deze resultaten lijken in tegenspraak met elkaar. Er wordt echter 
aangenomen dat membraanverstoring wordt veroorzaakt door protofibrillen. Dit zijn kleine 
(oplosbare) intermediairen die zich tijdens het aggregatieproces van een enkel monomeer 
peptide tot een (onoplosbaar) volgroeid fibril ontwikkelen. Snelle aggregatie, zoals die werd 
waargenomen bij het His18Arg derivaat, impliceert dat er minder protofibrillen werden 
gevormd, wat waarschijnlijk resulteerde in lagere vrijgifte van het fluorofoor.

In de hoofdstukken 2 en 4 werd aangetoond dat amyloïdogene peptiden kunnen dienen als 
basis voor zelfordening in biomaterialen. Deze benadering werd verder onderzocht waarvan 
de resultaten zijn beschreven in hoofdstuk 8. Hierin wordt het ontwerp van een covalent 
gebonden ‘driehoekig’ molecuul beschreven met een amyloïdogene peptide sequentie als 
repeterende eenheid die diende als herkenningsfunctie. Identieke driehoekig gevormde 
moleculen zouden in staat kunnen zijn om zich spontaan te ordenen in nanobolletjes of  
‘driehoekige’ en buisvormige nanostructuren. 
De zelfordening van het amyloïdogene Aβ(16-22) peptide dat voorzien was van een N-
terminale modificatie werd bestudeerd. Met behulp van electronenmicroscopie werden 
verschillende supramoleculaire aggregatiemorfologieën waargenomen als functie van de 
pH, zoals peptide nanobuizen, amyloïd fibrillen en helische linten. Naar aanleiding van 
deze resultaten werd een structuur-activiteits-relatie studie uitgevoerd waarbij verschillende 
N-terminale modificaties de ionisatietoestand van het hele peptide als functie van de pH 
bepaalden. Deze N-terminale modificaties in relatie tot de pH hadden een grote invloed op 
de supramoleculaire morfologie van de Aβ(16-22) peptiden. Hoewel deze zelforganisatie 
werd gedreven door β-sheet vorming, waren hydrofobiciteit en electrostatische interacties 
verantwoordelijk voor de subtiele verschillen in de waargenomen morfologieën.
In hoofdstuk 9 wordt tenslotte een alternatieve benadering beschreven voor de synthese 
van een ‘driehoekig’ peptide construct, zoals weergegeven is in hoofdstuk 8. Hoofdstuk 
9 beschrijft een efficiënte en eenvoudige synthese van een N-azido/C-alkynyl Aβ(16-22) 
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derivaat. Om cyclische Aβ(16-22) oligomeren te verkrijgen werd dit peptide gepolymeriseerd 
met behulp van de Cu(I)-gekatalyseerde 1,3-dipolaire cycloadditie reactie onder invloed van 
magnetronverwarming. Het cyclische monomeer en cyclische dimeer, die werden geïsoleerd 
met behulp van HPLC, werden onderzocht op zelfassemblage-gedrag. De verschillen in 
zelfassemblage kwamen het sterkst tot uitdrukking in de supramoleculaire morfologieën die 
varieerden van sheets tot amyloïd-achtige fibrillen.
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