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 The folding of proteins into a compact three-dimensional structure with precision 

and fidelity is one of the most significant examples of biological self-assembly.   Failure 

of folding properly is the origin of many pathological conditions. Amyloid beta peptide is 

associated with one of the well-known misfolding disease, Alzheimer’s disease. 

Elucidation of the structure, the assembly pathway and the regulatory factors of amyloid 

fibrils would be crucial for both the disease therapy and bionanotechnology application.  

In this dissertation, self-assembly of several short peptides originating from amyloid-β 

peptide was investigated and was specifically probed with nucleobases incorporation. 

 The Synthesis of β-(cytosine-1-yl)alanine is successful, and for the first time, 

nucleobases are successfully incorporated into amyloid beta peptide side chain. The 

synthesis route of nucleobase modified Aβ peptide under Fmoc protocol is successfully 

developed by our group.  I have designed and synthesized a series of nucleobase 

modified Aβ peptide based on the method described above.  

 My analysis suggested that nucleobase modified amyloid peptide, Aβ(10-

21)CyCy-NH2, is sufficient to form homogeneous amyloid fibrils.  Cytosine nucleobase 

incorporation in Aβ(10-21) reduced the nucleation phase and initiation of sheet-sheet 

contacts is crucial for the formation of nucleus.  In order to simplify possible geometric 

constraints on assembly, Aβ(13-21)CyCy was designed to exposure of the CyCy dyad at 

peptide N-terminus.  The results established that Aβ(13-21)CyCy forms homogenous 

nanotubes around the pKa of cytosine.  The fibrils formed by Aβ(10-21)CyCy and 

nanotubes formed by Aβ(13-21)CyCy possess remarkably similar structural elements to 

those of the normal assembled amyloid fibrils, such as cross-β diffraction pattern and β-
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sheet secondary structures. Formation of homogenous stable nanotubes by Aβ(13-

21)CyCy was clearly pH-dependent.  

 Isotope edited FTIR result of Aβ(13-21)CyCy established a parallel β sheet 

arrangement of Aβ(13-21)K16A amyloid fibrils. SSNMR suggests two peptide 

arrangement patterns, a parallel β−sheet organization and an anti-parallel β−sheet 

organization, which probably results from the two clear morphologies.  SSNMR results 

are consistent with isotope edited FTIR spectroscopy result so far.   Combination of 

structural analysis and linear dichroism results, argues that the cytosine base interaction is 

along the β−sheet lamination, inducing significant lamination growth and stabilizing the 

morphology of nanotubes.  

 These nucleobase modified amyloid peptides now have potential applications in 

the design of synthetic materials.  Peptide self-assembly can be controlled by varying the 

the length of the peptide, and functional groups exposed on the surfaces can be tailored 

with different nucleobases. Moreover, the self-assembly could be controlled by pH, 

temperature and solvent condition, and result in different structural isomers.  These 

studies have set the good base for more extensive development of peptide self-assembly 

for novel material development.  
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CHAPTER 1 
 

INTRODUCTION 
 
 

The Amyloid-β (Aβ) Peptide Self-Assembly System  
 

 Amyloid fibrils are found to be associated with a variety of disorders including 

Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, prion diseases and type 

II diabetes (Husby, Stenstad et al. 1994; Kelly 1996; Sunde, Serpell et al. 1997).  In spite 

of the significant difference of the protein primary structure, amyloid fibrils share some 

common features.  All amyloid fibrils stain with Congo Red and give a green 

birefringence under polarized light.  Electron microscopy revealed that amyloid fibrils are 

straight, unbranching fibrils with diameters around 10nm (Shiraham.T and Cohen 1967). 

X-ray diffraction data indicating a β-sheet type structure for the fibrils (Sunde, Serpell et 

al. 1997).  It is of great interest to understand how so many different protein sequences 

can adopt similar structure and control disease-related amyloid formation.  Specifically, 

knowledge of the three-dimensional structure of amyloid fibrils and factors that affected 
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self-assembly process is critical for understanding the pathology of the amyloidoses and 

for finding possible way to inhibit or reverse amyloid formation. 

    With more than 20 million cases world wide, Alzhemier’s disease (AD) is 

currently the most common neurodegenerative disease.  The characteristic pathology of 

AD patient is associated with extracelluar neuritic plaque deposits as well as intracellular 

neurofibrillary tangles in brain tissues (Selkoe 1991).  Amyloid β, a peptide with 39-43 

amino acids in length generated by proteolytic cleavage of amyloid precursor protein 

(APP), is identified as the major plaque component.  The overall sequence is amphiphilic 

with three notable regions: a hydrophilic N-terminus (aa 1-16), a central hydrophobic 

stretch (aa 17-21), and a long hydrophobic C-terminus (aa 29-42) (Figure1-1).  

N-terminus C-terminus 

Membrane APP Protein 

671-713 
Aβ 

1DAEFRHDSG10YEVHHQKLVF20FAEDVGSNKG30AIIGLMVGGV40VIA 
   

Figure 1.1. The primary sequence of Amyloid β peptide and its location within 

amyloid precursor protein (APP).  Blue / red represent the hydrophilic / hydrophobic 

regions, respectively. 

 

Structure Characterization of Amyloid Fibril in Vitro 

       Characterization of synthetic full length as well as truncated Aβ peptides in vitro, 

has been performed extensively and proved to be an effective approach to investigate the 

structure and kinetics of amyloid formation.  The shorter peptide cassettes, e.g., Aβ(10-
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35) and Aβ(10-21),  constituting the central core and retaining the amphiphilic pattern, 

are reported to form similar fibril structures compared with full length amyloid beta 

peptide (Lee, Stimson et al. 1995; Benzinger, Gregory et al. 1998; Morgan, Dong et al. 

2002).  The truncation versions allow for great synthetic flexibility and homogeneous 

preparation of the intermediate states that are critical for successful analysis.  Much of the 

high-resolution, detailed structural data has been obtained from these truncated peptide 

assembled under physiological or nonphysiological condition.  Studies of these Aβ 

peptide model systems in vitro have provide detailed understanding of the interactions 

that govern amyloid fibril formation (Sorimachi and Craik 1994; Talafous, Marcinowski 

et al. 1994; Sticht, Bayer et al. 1995). 

 A wide variety of techniques has been used to build structural models of amyloid 

fibrils, including circular dichroism (CD), Fourier transform infrared spectroscopy 

(FTIR), atomic force microscopy (AFM), X-ray diffraction, electron microscopy, solid 

state NMR, small angle neutron scattering (SAXS) and small angle X-ray scattering 

(SAXS).      

 Secondary structure of soluble Aβ has been characterized by using circular 

dichroism (CD) and Fourier transform infrared (FTIR) spectroscopy, and both of them 

support a high β-sheet content for amyloid fibrils (Hilbich, Kisterswoike et al. 1991; 

Fraser, Nguyen et al. 1992; Wood, Maleeff et al. 1996).  Isotopic-edited IR spectroscopy 

is a sensitive technique to probe amide backbone structure of amyloid protein(Halverson, 

Sucholeiki et al. 1991; Silva, Nguyen et al. 2002).  Atomic force microscopy (AFM) and 

transmission electron microscopy (TEM) have proved a valuable tool to investigate the 

nature of the intermediates in the amyloid pathway.  TEM observations show amyloid 
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fibrils to be straight, unbranching, 70-120 Ǻ in diameter and of intermediate length 

(Shiraham.T and Cohen 1967).  

 Small angle neutron scattering (SANS) and small angle X-ray scattering (SAXS) 

were powerful tools for obtaining structural information of marcromolecules in solution 

(Trewhella 1997).  In particular, SANS and SAXS are used to monitor the 

conformational change of proteins during folding and provide information of protein 

aggregation ((Lattman 1994; Semisotnov, Kihara et al. 1996; Doniach 2001).  For 

instance, kinetics of Aβ(10-21) self-assembly has been followed by SANS (Morgan, 

Dong et al. 2002); Structures of Aβ(16-22) formed at pH2 in 40% acetelnitrile has been 

studied by SAXS (Lu, Jacob et al. 2003).  

  X-ray diffraction of amyloid fibrils revealed reflections at 4.7 Å and 10.6 Å 

corresponds to the distance between peptide strands in the H-bonding direction within the 

sheet and between laminated sheets (Kirschner, Abraham et al. 1986; Inouye, Fraser et al. 

1993; Serpell, Berriman et al. 2000).  Such a “cross-beta” pattern has been observed in 

amyloid fibrils formed by many proteins with different sequence and therefore implying a 

common structure feature. 

      Determination of high-resolution molecular structures of amyloid fibrils remains a 

highly challenging task due to their noncrystalline and insoluble nature.  Therefore 

limited structural information could be obtained by solution NMR and X-ray 

crystallography.  Solid state NMR spectroscopy has emerged as a principal methodology 

for structural studies of amyloid fibrils in the past decade.  This techique has provided 

answers to central questions concerning the supramolecular organization of amyloid 

fibrils, peptide conformations within amyloid fibrils, and the diversity of amyloid 
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structures.  The first solid state NMR studies was performed on Aβ(34-42) fibrils through 

dipolar recoupling techniques (Spencer, Halverson et al. 1991; Griffiths, Ashburn et al. 

1995; Lansbury, Costa et al. 1995).  Based on that, an antiparellel β-sheet with an 

alternating hydrogen bond registry model was proposed.  Subsequently, extensive 

investigations of Aβ(10-35) fibrils were performed by our group (Benzinger, Gregory et 

al. 1998; Burkoth, Benzinger et al. 2000).  For the first time, a parallel, in-register β-sheet 

arrangement in amyloid fibrils was found and now widely believed to be the most 

common β-sheet organization in amyloid fibrils, especially for fibrils formed by 

relatively long peptide chains (Figure 1-2).  

 

Figure 1.2. (A) Amino acid sequence of Aβ(10-35). (B) Summary of the inter peptide 

13C carbonyl contacts observed for Aβ(10-35) by solid-state NMR. Inter-peptide 

distances were measured using DRAWS at positions V12, Q15-V18, F20, V24-G26, G29, 

G33, and L34.  Peptide strands run parallel, in-register within each β-sheet. 

 

        More recently, full length amyloid β peptide Aβ(1-40) and Aβ(1-42), as well as 

the fragments Aβ(16-22) and Aβ(11-25) have been studied thoroughly by Tycko’s group 

(Balbach, Ishii et al. 2000; Tycko and Ishii 2003; Petkova, Buntkowsky et al. 2004). 
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They proposed a Aβ(1-40) model composing of two β-strands segments each forming 

parallel in register β-sheets with a loop (Figure 1-3).         

               

Figure 1.3. Structural model for Aβ1-40 fibrils based on solid-state NMR measurements. 

(A) Bundles of central pairs of molecules in energy-minimized structures. Side chains of 

L17, F19, D23, K28, I31, I32, L34, M35, and V36 are shown. (B) A cartoon 

representation of a full fibril, viewed from the top of the fibril. Residues 12-21 in red and 

residues 30-40 in blue. 

                  

Kinetics of Amyloid Fibril Formation  

 Spontaneous formation of amyloid fibrils from disordered peptides is often 

described as a nucleation-dependent polymerization pathway (Harper and Lansbury 

1997).  In this mechanism, the overall rate of amyloid formation is limited by the 

nucleation phase, and followed by a rapid elongation phase.  Fibrillogenesis usually 

includes three steps: (1) a slow nucleation step, in which the protein undergoes a series of 

unfavorable associations to form an ordered oligomeric nucleus; (2) a rapid growth step, 

in which the nucleus grows to form larger polymers by monomer addition to the fibril 

ends; (3) a final step, in which the ordered aggregate and the monomer appear to be at 

equillibium (Fig. 1-4).  The characteristic features of a simple nucleation-dependent 

polymerization are as follows: (a) No aggregation occurs at a protein concentration below 

 6



the critical concentration. (b) At protein concentrations that exceed the critical 

concentration by a small amount, there is a lag time before polymerization occurs. (c) 

During the lag time, addition of a seed results in immediate polymerization (Andreu and 

Timasheff 1986; Jarrett and Lansbury 1993; Eaton and Hofrichter 1995). 

 

Figure 1.4. The nucleation-dependent polymerization pathway. Nucleus are formed 

through a series of unfavorable protein-protein association equilibria (Kn). Then a series 

of favorable equilibria (Kg) leads to fibril formation.  

 

Metals and Amyloid-β in Alzheimer’s Disease 

  Metals are suggested to play a role in the pathogenesis of Alzhemier’s disease 

(AD).  The aggregation of Amyloid-β is mediated by interaction with metals ions, in 

particular zinc (Zn2+), copper (Cu2+) and iron (Fe3+).  These metals are reported to be 

concentrated in and around amyloid plaques in AD brains.  Zn2+ induces rapid and 

extensive aggregation of both synthetic and endogenous Aβ in canine cerebrospinal fluid 

(Bush, Pettingell et al. 1994; Brown, Tummolo et al. 1997; Huang, Atwood et al. 1997; 

Lovell, Robertson et al. 1998; Suh, Jensen et al. 2000).  Trace amount of Cu2+ in the diet 

has been shown to induce β-amyloid plaques and learning deficits in rabbit model of AD 

(Sparks and Schreurs 2003).  Zn2+ and Cu2+-bounded senile plaque cores were identified 

by Ramman microscopy in the brain of AD patients (Dong, Atwood et al. 2003).  Aβ 

catalyzes the reduction of Cu2+ and Fe3+.  In the absence of sufficient antioxidant 
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mechanisms, this could lead to the production of toxic reactive oxygen species (ROS) 

that may contribute to the pathogenesis of AD. In turn, the oxidative stress could 

contribute to Aβ accumulation by generating modified Aβ species that are easily to 

aggregate and resistant to clearance.   

 Since metal ions such as Cu2+ and Zn2+ bind Aβ strongly and specifically, it is 

possible to use metal ions as both structural and kinetic probes for Aβ self-assembly.  The 

pH dependence and mutagenesis studies of Zn2+ on Aβ aggregation reveal that histidine 

13 is crucial for Zn2+ binding (Atwood, Moir et al. 1998; Liu, Howlett et al. 1999; Miura, 

Suzuki et al. 2000; Yang, McLaurin et al. 2000; Curtain, Ali et al. 2001).  Zn2+ addition 

to Aβ(10-21), a fragment of full length amyloid beta peptide, revealed conditions that 

radically alter the relative rates of nucleation and propagation in amyloid formation and 

implicated that Zn2+ may coordinate to histidine through lamination dimension (Morgan, 

Dong et al. 2002). 

 

Exploring Amyloid Growth in Lamination Dimension 

      Although full length Aβ peptide and truncated variants of form similar fibrils with 

approximately 10 nm in diameter, they may contain different laminates. Fibrils formed by 

the longer Aβ(1-40) may contain 2-4 laminates while those by the shorter Aβ(18-28) 

peptides contain as many as 24 laminates (Kirschner, Inouye et al. 1987; Garzon-

Rodriguez, Sepulveda-Becerra et al. 1997; Petkova, Ishii et al. 2002). Thus lamination 

energetics becomes a critical issue in our understanding of fibril structure and stability.  

Consistent with these observations, the structural model for Aβ(10-35) suggests that the 

common fibril diameter could be attained by variation in the degree of lamination 
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(Lakdawala, Morgan et al. 2002). For Aβ(10-35), the lamination of six in-register parallel 

β-sheets define a 6 × 8 nm fibril.   

          Severely truncated variant Aβ(16-22) forms homogeneous nanotubes with 50 nm 

internal diameters under appropriate pH and solvent condition.  Helical ribbons were 

observed as intermediates of the nanotubes, and could be composed of as many as 130 

laminates (Lu, Jacob et al. 2003) (Figure1-5A).  Similar ribbons and nanotubes were 

observed in Aβ(13-21)K16A with Zn2+ incorporation.  Based on FTIR, solid-state NMR 

and XAS data, Zn2+ was implied to chelate between two β−sheets and stabilize the 

β−sheet lamination, inducing significant lamination growth (Dong, Shokes et al. 2006) 

(Figure1-5B).  The control of conditions modulating β−sheet growth and sheet/sheet 

packing opens the possibility of better constraining amyloid structure and the mechanism 

of amyloid self-assembly (Dong, Lu et al. 2006) (Figure1-5C).  The variety of self-

assembled architectures raises the possibility of adapting such scaffolds for novel 

materials applications. 

 

Molecular Recognition Motifs and Self-Assembled Peptide Nanostructure 

        As the formation of amyloid fibrils is associated with major human disease, great 

effort has been spent to search for the recognition elements that mediate the processes of 

molecular recognition and self-assembly that lead to the formation of the fibrils.  

Exploring these recognition elements not only helps to understand the self- assembly 

mechanism that governs amyloid formation, but also enables the identification of novel 

motifs to control this process. 

 9



                                 A B

 
C               (a)                                     (b)                      (c)                       (d)  

Figure 1.5. (A) TEM images of Aβ(16-22). (B) TEM images of Aβ(13–21)K16A in the 

presence of one equivalent of Zn2+. (C)  Model for Amyloid growth in lamination 

dimension of Aβ(16–22).  (a) A bilayer model for Aβ(10–35) fibril. Lamination of six β-

sheets is perpendicular to the long axis, defining the width of the bilayer. (b)  Aβ(16–22), 

the lamination increases from 6 to 130 nm. (c) Laminated β-sheet bilayer coils up to form 

a helical ribbon.  ( r, radius; o, pitch angle; P, pitch; w, width; d, width along the z-axis.) 

(d) Helical ribbon fuses into tubular structure (Dong, Lu et al. 2006).               

  

        Short fragments of islet amyloid polypeptide (IAPP), a 37-amino acid residue 

peptide hormone that is associated with type II diabetes, have been found to form 

amyloid fibrils (Tenidis, Waldner et al. 2000; Mazor, Gilead et al. 2002; Reches, Porat et 

al. 2002).  Comparison of the primary sequences of these peptide fragments revealed the 
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aromatic residues in common.  A hypothesis was proposed that aromatic residues play a 

key role in the formation of amyloid fibrils through π-stacking interactions (Gazit 2002).  

     Besides π-stacking interactions, pH and metal may also plays an important role in 

determination of amyloid peptide morphology.  Aβ(16-22) with sequence of KLVFFAE, 

forms homogeneous nanotubes with 50 nm internal diameters when pH is decreased to 2 

(Lu, Jacob et al. 2003).  Similar ribbons and nanotubes were observed in Aβ(13-21)K16A 

with Zn2+ incorporation (Dong, Shokes et al. 2006).                 

         One of the most common and robust molecular recognition motifs is nucleobase 

of DNA or RNA.  Recognition between nuleic acids is essential for storing and 

transferring of genetic information during DNA replication and transcription.  A synthetic 

biomolecule, peptide nucleic acid (PNA), has emerged in recent years mimic the 

molecular recognition process occurred in natural DNA or RNA. PNAs are 

pseudopeptides in which the nucleobases are attached via a linker to a neutral and achiral 

backbone consisting of N-(2-aminoethyl)glycine units (Nielsen, Egholm et al. 1991). 

PNA is capable of hybridizing to complementary DNA, RNA or PNA following the 

Watson-Crick base pairing rules, and the restultant duplexes show higher thermal 

stability than the corresponding DNA-DNA or DNA-RNA duplexes (Egholm, Buchardt 

et al. 1993; Jensen, Orum et al. 1997).  Carrying genetic information, PNAs are 

considered to be of great importance as antisense and antigene agents (Hanvey, Peffer et 

al. 1992; Nielsen 1999).  PNA is used as probes for gene cloning, mutation detection, and 

in homologous recombination studies (Demers, Curry et al. 1995; Perry-OKeefe, Yao et 

al. 1996; Veselkov, Demidov et al. 1996).  
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      Alanyl-PNA is designed and synthesized based on a regular peptide backbone 

with alternating configuration of the amino acids.  The nucleobases are covalently linked 

at β position of the side chains (Diederichsen 1996).  The backbone of the alanyl PNA is 

in extended β−sheet conformation, which allows the nucleobases in the peptide side 

chain to accommodate the favored base-pairing distance.  Therefore, alanyl PNA 

oligomers are able to form self-pairing linear double strands (Diederichsen 1997; 

Diederichsen and Weicherding 1999) (Figure 1-5A).  More interestingly, the linear 

double-strand topology does not restrict the base-pair size and orientation as in DNA 

double helix.  The favored base pairs are formed mostly dependent on recognition by H-

bonding.  Examples of 2,6-diaminopurine-xanthine and guanine-isoguanine base pairs 

with high stabilities support this hypothesis (Hoffmann, Bruckner et al. 2000) (Figure 1-

5B).  These unique features of alanyl-PNA inspire us the possibility to incorporate alanyl- 

PNA molecules into Aβ peptide and control the self-assembly of Aβ peptide through 

nucleobase recognition.  

         Peptide-base nanostructures have raised great interest as a bio-materials or 

delivery systems due to their advantage in tailored molecular design, availability of a 

variety of functional groups, low toxicity, biodegradability and ability of self assembly 

into desired structure scaffold.  Various peptide-based nano-materials have been prepared 

using different building blocks, including cyclic peptides with alternating D- and L-

amino acids, peptide amphiphiles, peptide bolaamphiphiles, aromatic dipeptides and 

hydrophobic dipeptides (Ghadiri, Granja et al. 1993; Hartgerink, Granja et al. 1996; 

Hartgerink, Beniash et al. 2001; Gorbitz 2003; Reches and Gazit 2003).  Peptide 

assemblies have been used for tissue engineering (Holmes, de Lacalle et al. 2000; Silva, 
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Czeisler et al. 2004) and biosensor applications (Yemini, Reches et al. 2005; Zhao, 

Banerjee et al. 2005). 

 

 

A 

 

B 

Figure 1.6. A. Model of a linear alanyl-PNA double strand.  B. 2,6-diaminopurine-

xanthine and guanine-isoguanine base pairs (Hoffmann, Bruckner et al. 2000). 

  

         Amyloid fibril formation is associated with many types of human diseases 

(Dobson 2002), however, a large number of non-pathogenic peptides have been shown to 

form ordered fibrils under particular solvent, temperature and pH conditions (Jarrett and 

Lansbury 1992; Konno, Murata et al. 1999).  The diphenylalanine recognition motif of 

the Aβ peptides self-assembles into nanotubes which can serve as a mold for the 

fabrication of nanoscale inorganic materials (Reches and Gazit 2003; Song, Challa et al. 

2004).  Self-assembled nanotubes of Aβ(16-22) have been shown to template colloidal 

metal nanoparticles (Lu 2004). 
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          Summary      

      The controlled self-assembly of proteins into well defined hierarchical structures 

is becoming increasingly important for the fabrication of nanodevices.  The rational and 

controlled fabrication of new nano building blocks are tightly tied to a better understood 

of protein self-assembly, both the protein organization inside the assemblies and the 

assembly pathways.   

         In this thesis, nucleobases, one of the most robust molecular recognition motif in 

nature, are incorporated into amyloid beta peptide self-assembly model system.  Based on 

the simulation results, nucleobase modified Aβ peptides are investigated. The 

introduction of nucleobases at the side chain of these Aβ peptides has greatly changed 

self-assembly process kinetically and morphologically. This is the first time that 

homogeneous nano-fibrils and nano-tubes assembled by the peptide with nucleobases 

incorporation.  Detailed structural characterizations are developed and the nucleobases 

functions are discussed in this thesis.  Novel nucleobases modified nanostructure will 

provide extensive applications in biomedical fields in the future.  
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CHAPTER 2 
 

MODELING AND SYNTHESIS OF NUCLEOBASE MODIFIED 
AMYLOID PEPTIDE 

 
 

 
INTRODUCTION 

 As discussed in chapter one, knowledge of the three-dimensional structure of 

amyloid fibrils and of the factors that affected self-assembly process are critical for 

understanding the mechanism of fibrillogenesis.  Previous investigations have shown that 

amyloid peptide self-assembly can be modulated by metal ions such as Zn2+.  Zn2+ 

incorporation not only increased the self-assembly rate but also dramatically modulated 

amyloid mophorlogy (Morgan, Dong et al. 2002; Dong, Shokes et al. 2006).  The results 

suggest that when appropriate agents are inserted between the histidines H13 and H14 

along the face of one sheet or between the different sheets, it is possible to regulate 

peptide aggregation.    

 In the model of Aβ (10-35) fibril (Figure 2.1A), the strands are H-bonded and 

held roughly 5 Ǻ apart within the β-sheet.  The H-bonds are oriented along the fibril axis.  
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The packing of amino acid side chains, oriented perpendicular to the fibril axis, are 

separated 10 Ǻ apart between the laminated sheets (Burkoth, Benzinger et al. 2000). On 

the other hand, in the DNA double-helix, the glycosidic bonds that are attached to a 

bonded pair of bases are 10-11 Å apart, so the distance between the laminated sheets of 

amyloid fibrils may accommodate a pair of DNA double-helix nucleoside units.  As a 

result, the possibility for modifying histidine imidazole rings to base pair purine and 

pyrimidine rings was explored. 

 Previous studies suggested that the His 13 and His 14 residues from different 

sheets would be proximal and provide Zn2+ binding site between the sheets (Figure 2.1B, 

C).  If the nucleobase pair could fit in the space between the laminated sheets, proximal 

to each other as in the His-His dyad and coplanar, hydrogen bonding and base stacking 

could be manipulated to regulate peptide aggregation. 

 Aβ (10-21) was first chosen for the investigation of nucleobases incorporation on 

the amyloid peptide self-assembly since Aβ (10-21) includes the core segment of full 

length amyloid peptide with emphasis on the metal impact of the His13 and 14 dyads.   

Moreover, this central cassette of Aβ maintains an amphiphilic pattern that is critical for 

fibril formation.  Replacement of this His13 and 14 dyads with a nucleobase will probe 

the side chain properties on sheet lamination during self-assembly.  More importantly, 

successful incorporation of nucleobases in the rigid and geometrically well defined 

amyloid fibrils would provide a unique model system to study peptide and nucleobase 

interactions. 

            Complementary base pairs display affinity, inherently arranging to maximize base 

stacking and hydrogen bonding.  Because of the steric restrictions imposed by the regular  
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Figure 2.1  

Metal binding sites predicted by the model of the Aβ(10-35) fibril.  

A. Model of the Aβ(10-35)  fibril.  Schematic demonstration of the microstructure within 

one fibril.  Single red-blue line represents the backbone of one Aβ(10-35) molecule.  

Parallel in-register β-strands orient perpendicular to and twist into β sheet structure along 

the fibril long axis.  Six such sheets laminate by sidechain-sidechain interactions (not 

shown).  The distance between two β-strands along the fibril axis is 5 Å, corresponding 

to hydrogen bounding, while the sheets are proximately 10 Å apart.   

B. Zinc-binding site between two strands of different sheets, viewed down the axis of 

fibril propagation. Red, oxygen; Blue, nitrogen; Magenta, metal ion. 
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helical nature of the sugar-phosphate backbone and by hydrogen-bonding factors, the 

nucleobase pairings in DNA following Watson-Crick rule that adenine with thymine and 

guanine with cytosine.  By contrast, the linear double-strand topology of alanyl PNA 

does not restrict the base-pair size and orientation as in the DNA double helix.  The 

favored base pairs are formed mostly dependent on recognition by H-bonding 

(Diederichsen 1996; Diederichsen 1997).  Examples of 2,6-diaminopurine-xanthine and 

guanine-isoguanine base pairs with high stabilities support this hypothesis (Hoffmann, 

Bruckner et al. 2000).  These unique features of Alanyl PNA inspired the possibility of 

incorporating alanyl PNA molecules into Aβ peptide to control the self-assembly of 

Aβ peptide through nucleobase recognition.  

            Molecular Dynamics (MD) simulations of Aβ (10-21) were conducted for the 

normal purine-pyrimidine and the purine-purine base pairs as well as pyrimidine-

pyrimidine base-pairs.  These results suggested that a nucleobase modified Aβ (10-21) 

containing cytosine moieties at the amino acid side chain of H13 and H14 position could 

maintain a 10 Å separation between the laminate sheets.  Based on the modeling results, 

β-(cytosine-1-yl)-alanine was synthesized and substituted for H13 and H14 in Aβ(10-21), 

resulting in Aβ (10-21)CyCy, where Cy represents the alanyl cytosinyl-amino acid. 

Synthesis of optically pure α-amino acid via ring-opening of N-protected β-lactones has 

proved practical and efficient (Arnold, Kalantar et al. 1985; Arnold, May et al. 1988). 

The first stereoselective synthesis of alanyl nucleo-amino acids was described for the 

adeninyl and thyminyl derivatives via nucleophilic ring opening of Boc-L-serinelactone 

by Eschenmoser and Lohse (Lohse 1992; Lohse 1996).  Following that procedure, N-
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Boc-thyminylalanine and N-Boc-adeninylalanine were used for oligomerization of alanyl 

PNA by Diederichsen. Alanyl peptide nucleic acids with alternating configuration of 

amino acids formed pairing complexes, and the formation of unnatural base pairs such as 

A-A is possible due to the linearity and the uncharged peptide backbone (Diederichsen 

1996).  In this chapter, the β-(cytosine-1-yl)-alanine is prepared and the modeling and 

synthetic route to peptide Aβ (10-21) CyCy is described. The non-native amino acids are 

successfully constructed into amyloid fibrils.  

          

 

 

RESULTS   

Molecular Dynamic Simulation of Nucleobases Modified Aβ(10-21) 

 A model for nucleobase modified Aβ(10-21) was constructed to predict the 

optimum modification of H13 and H14 by focusing on the β-sheets packing and the 

backbone distances between β-strands.  Computational analysis and Molecular Dynamics 

(MD) simulations of Aβ(10-21) was conducted for purine-pyrimidine, the purine-purine, 

and pyrimidine-pyrimidine base-pairs. As DNA effectively accommodates the 

pyrimidine—purine combination at a 10 Å separation, the inclusion of two additional 

C—C bonds causes the amyloid sheets to spread.  As a result, possible modifications of 

the di-pyrimidine nucleotide units were examined.  Consistent with amyloid, the resulting 

Cy-Cy-modified structure maintains a 10 Å separation between laminate sheets.  Unlike 

DNA which is not able to stabilize interactions between pyrimidine rings, Aβ(10-21) can  

preserve two hydrogen bonds between the cytidine NH2 and C=O along the length of the 
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fibril segment (Figure 2.2).  High level calculation (MP2/6-31G*//HF/6-31G**) predict 

pyrimidine—pyrimidine pairing of two cytosines to be stabilized by -17.5 kcal/mol (gas 

phase), and such interactions can also form a third H-bond at pH values around the pKa 

of the the amide (~4.2).  

 

Synthesis of Nucleobase Modified Amino Acids and Their Oligomerization 

               According to MD simulation, β-(cytosine-1-yl)-alanine and β-(thymine-1-yl)-

alanine was synthesized and substituted for H13 and H14 in Aβ(10-21). β-(cytosine-1-

yl)-alanine was prepared starting from nucleophilic ring opening of N-Boc-L-serine-β-

lactone 1 with the base benzyl-cytosine 5, followed by Boc-deprotection, and 

reprotection with Fmoc (Scheme 2-1).  The overall yield of Fmoc β-(cytosine-1-yl)-

alanine was 15.6%.  In a similar manner, β-(thymine-1-yl)-alanine was prepared starting 

from Boc-serinelactone 1 and thymine, followed by Boc-deprotection, and reprotection 

with Fmoc (Scheme 2-2).  The overall yield of Fmoc β-(thymine-1-yl)-alanine was 

14.4%.   

 Oligomerization of the nucleo-amino acids and natural amino acids was 

performed by solid –phase peptide synthesis on Fmoc Rink-amide polystyrene resin and 

HBTU/NMM was used as the coupling reagents.  After deprotection and cleavage from 

the solid support with trifluoroacetic acid (TFA)/thiolanisole/EDT/anisole, 

90%/5%/3%/2%, the crude peptide was isolated by trituration with diethyl ether and 

purified by HPLC on a RP-C18 column.  The product was confirmed by MALDI-TOF 

mass spectral analysis.         
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Figure 2.2   

Peptide Sequence of Aβ(10-21)CyCy and model predicted by SYBYL   

A. Peptide Sequence of Aβ(10-21)CyCy. 

B. Proposed hydrogen bonds (dashed lines) between modified Cy13 and Cy14 side 

chains residing in two extended β-sheets (model predicted by SYBYL in Aβ(10-

21)CyCy). The carbon atoms are colored green, the oxygens red and the nitrogens blue.   
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Scheme 2-1 Synthesis of β-(cytosine-1-yl) alanine 
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Scheme 2-2 Synthesis of β-(thymine-1-yl) alanine 

 



DISCUSSION 

 The synthesis of N-Boc-L-serine β-lactone through Mitsunobu dehydration 

readily cyclizes Boc-L-serine to the β-lactone without detectable epimerization.  

Dimethyl azodicarboxylate was found to be equally effective as diethyl ester.  Boc-

deprotection was more efficient in the presence of triethylsilane as a carbocation 

scavenger.  Once the protecting group is deblocked, the functional group that is attached 

to the protecting group forms a hydrogen substituted product with triethylsilane acting as 

hydride donors, and the reaction is irreversible so that the efficiency of deblocking of 

protecting group is assured.  Further advantage of using triethylsilanes as scavenger is 

that it is a volatile compound (boiling point 108 °C) (Pearson, Blanchette et al. 1989).  

Several Fmoc protection agents including 9-Fluorenylmethyl chloroformate and 9-

Fluorenylmethyl N-succinimidyl carbonate were tested, and 9-Fluorenylmethyl N-

succinimidyl carbonate was chosen due to high efficiency and easy work up procedure. 

During the solid phase peptide synthesis, N-(9-Fluorenylmethoxycarbonyl)-β-(cytosine-

1-yl)alanine was manually loaded into the reaction vessel. Double coupling and longer 

reaction time is required for these unnatural amino acids. Incorporation of other 

nucleobases including thymine, adenine and guanine into Aβ peptide could be performed 

in a similar manner.  

 Nucleobases including cytosine and thymine were incorporated into amyloid 

peptide successfully. A suitable synthetic route to be applicable to all the four bases 

including A and G are under investigation.  With the availability of all four bases 

incorporation, we would be able to use this nucleobase modified amyloid peptide to 

template DNA with any sequences. 
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MATERIALS AND METHODS 

Materials 

 All commercially available chemicals and solvents were purchased from Aldrich, 

Lancaster and Nova Biochem.  Anhydrous solvents were dried over molecular sieve (4 Å) 

that had been pre-treated overnight at 300 ºC.  TLC plates were purchased from EMD 

(silica gel 60 F254).  Flash chromatography employed EMD silica gel (40-63μm).  Fmoc-

amino acids, resins and solid phase peptide synthesizer reagents were purchased from 

Anaspec.  Distilled deionized water for sample preparation was obtained from EMD 

chemicals Inc.  DMF, HPLC grade acetonitrile and methanol, morpholinoethanesulfonic 

acid monohydrate (MES, ≥ 99.5%) and all other reagents were obtained from Aldrich 

Chemical Co.  

 

Methods 

Synthesis of β-(cytosine-1-yl)alanine  
 
 
N-(tert-Butoxycarbonyl)-L-serine β-lactone 1 

COOH

H
HO

O
O

NHBocNHBoc
Ph3P

DEAD

1
45%

H

 
 
 N-(tert-Butoxycarbonyl)-L-serine (6.2 g, 30 mmol) and triphenylphosphine (7.9 g, 

30 mmol) was dissolved in 200 ml anhydrous tetrahydrofuran under nitrogen and cooled 

to -78 ºC.  Diethyl azodicarboxylate (6.3 g, 36 mmol) was added dropwise over 10 min.  

The reaction was allowed to proceed overnight.  The solvent was removed and and 

reaction mixture was purified by flash column packed in hexane.  The solvent is changed 
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to hexane/ethyl acetate (65/35) gradually.  The β-lactone was readily visualized by TLC 

(hexane/ethyl acetate (65/35) as solvent system, Rf ~0.44) by staining in iodine or 

potassium permanganate. 1 was isolated as a white solid (45%). mp 119.5-120.5°C; 1H 

NMR (CDCl3, 400MHz) δ: 1.45 (s, 9H, C(CH3)3), 4.4-4.45 (m, 2H, CH2), 5.05-5.15 

(m,1H NH-CH), 5.15-5.25 (br s, 1H, NH); 13C-NMR (CDCl3, 400MHz) 28.0 (C(CH3)3) , 

59.8 (NH-CH), 66.9 (CH2), 81.9(C(CH3)3), 154.8 (NH-CO), 169.7(O-CO). IR (cm-1) 

3358, 1836, 1678, 1533, 1290, 1104.  MS (CI) m/z (M+H)+ 188.1 Calculated: 188.0923.  

 

N4-(Benzyloxycarbonyl)cytosine(5 ) 

N

NO

NH2

PhCH2CO2Cl N

NO

NHCbz

H
H54

56%

 

 Benzyloxycarbonyl chloride (26 mL, 0.18 mol) was added dropwise over a period 

of ca. 1 h to a suspension of cytosine (10.0 g, 0.09 mol) in dry pyridine (500 mL) at 0 ºC 

under N2.  The mixture was stirred overnight and, the pyridine suspension was 

evaporated to dryness in vacuo. Water (100 mL) was added and the pH was adjusted to 1 

with 4 M HC1 (aqueous).  The resulting white precipitate was removed by vacuum, 

washed with water, and partially dried.  The wet precipitate was boiled with absolute 

EtOH (250 mL) for 10 min, cooled to 10 ºC, filtered, washed thoroughly with ether and 

dried, in vacuum: yield 12.4 g (56%); mp > 250 ºC.  1H NMR (DMSO-d6, 400MHz) δ:  

5.41(s, 2H, CH2(C6H5)), 6.89 (d, 1H, HC(5)),  7.36 (m, 5H, (C6H5)),  7.76 (d, 1H, HC(6)).   

 

N-(tert-Butoxycarbonyl)-β-(cytosine-1-yl)alanine 2 
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N

COOHBocHN

O NHCbz
5 Cytosine(Z)

6
48%

DBU
DMSO

O
O

NHBoc
3

H

 

 DBU (1.8 g, 12 mmol) was added to a suspension of N4-(Benzyloxycarbonyl) 

cytosine (2.5 g, 10 mmol) in DMSO (10 ml).  Within 15 min, a solution of N-(tert-

Butoxycarbonyl)-L-serine β-lactone (2.2 g, 12 mmol) in DMSO (10 ml) was added.  The 

mixture was stirred for 1h before the reaction was terminated with AcOH (686 μl, 12 

mmol).  The solvent was removed and reaction mixture was purified by flash column 

packed in methylene choloride.  The solvent is changed to methylene choloride/methanol 

(2/1) gradually. 2 was readily visualized by UV on TLC plate (methylene 

choloride/methanol (2/1) as solvent system, Rf ~0.49).  2 was isolated as a white solid 

(48%). 1H NMR (DMSO-d6, 400MHz) δ: 1.29 (s, 9H, C(CH3)3), 3.48/4.15 (2H, H2C(β)),  

4.45 (ddd, 1H, HC(α)), 5.13(s, 2H, CH2(C6H5)), 6.35 (d, 1H, HN(BOC)), 6.86 (d, 1H, 

HC(5)),  7.32 (m, 5H, (C6H5)), 7.86 (d, 1H, HC(6)), 10.6 (br s, 1H, HN(4)); MS (FAB) 

m/z (M-H)+ 431.6 Calculated: 432.43. 

 

N-(9-Fluorenylmethoxycarbonyl)-β-(cytosine-1-yl)alanine 3 

N

N

COOHBocHN

O NHCbz

N

N

COOHFmocHN

O NHCbz

6

1)TFA,Et3SiH,
CH2Cl2, 96%

7

2)FMS, Na2CO3
75%

 

 N-(tert-Butoxycarbonyl)-β-(cytosine-1-yl)alanine (2.1g, 4.8 mmol) was acidified 

by stirring in trifluoroacetic acid (4.8 ml, 62.4 mmol) and dichloromethane (9.8 ml, 

154mmol) in the presence of triethylsilane (1.9 ml, 12.0 mmol) at room temperature with 

 28



the exclusion of moisture.  After 2 hr the reaction was complete and the solvent was 

removed. Boc-depretection product was readily visualized by TLC (methylene 

choloride/methanol (2/1) as solvent system, Rf ~0.25) by staining in ninhydrin.  The 

residue was triturated with diethyl ether and the precipitated product isolated by filtration 

(96%) 1H NMR (DMSO-d6, 400MHz) δ: 3.88 (2H, H2C(β)),  4.29 (ddd, 1H, HC(α)),  

5.16(s, 2H, CH2(C6H5)), 6.95 (d, 1H, HC(5)),  7.32 (m, 5H, (C6H5)),  7.89 (d, 1H, HC(6)). 

 

 β-(cytosine-1-yl)alanine (1.4 g, 4.2 mmol) was suspended in 9% sodium 

carbonate solution (10 ml, 8.4 mmol) and cooled in an ice bath. A solution of 9-

Fluorenylmethyl N-succinimidyl carbonate (11.8 g, 3.5 mmol) in dioxane was added in 

one portion at 0ºC and mixing continued at room temperature for 20 min.  The mixture 

was diluted with water, extracted with ether and ethyl acetate.  The remaining aqueous 

phase was cooled and acidified to pH 2 with concentrated hydrochloric acid.  The 

aqueous phase and the precipitate product was extracted with ethyl acetate, the extract 

was washed with saturated sodium chloride solution, water, dried with sodium sulphate, 

and evaporated to a small volume under reduced pressure.  On addition of petroleum 

ether a crystalline product 3 was obtained (75%).  7 was readily visualized by UV on 

TLC plates (methylene choloride/methanol (4/1) as solvent system, Rf ~0.33). 1H NMR 

(DMSO-d6, 400MHz) δ: 3.85/4.16 (2H, H2C(β)), 4.22 (d, 2H), 4.37 (ddd, 1H, HC(α)), 4.4 

(t, 1H), 5.15(s, 2H, CH2(C6H5)), 6.91 (d, 1H, HC(5)), 7.28 (t, 2H), 7.32 (m, 5H, (C6H5)), 

7.36 (t, 2H), 7.60 (d, 2H), 7.80 (d, 1H, HC(6)), 7.84 (d, 2H), 10.6 (br s, 1H, HN(4)); MS 

(ESI) m/z (M+H)+ 555.1868 Calculated: 555.1874. 
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N-(tert-Butoxycarbonyl)-β-(thyminyl-1-yl)alanine 8 

O
O

H
NHBoc
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DBU, DMSO

55%

NN

O

BocHN COOH

1 8

40oC, 1hr
O

CH3

H

 

  DBU (1.6 g, 15.0 mmol) was added to a suspension of thymine (2.6 g, 20.0 mmol) 

in DMSO (10 ml).  Within 30 min, a solution of N-(tert-Butoxycarbonyl)-L-serine β-

lactone (1.9 g, 10.0 mmol) in DMSO (10 ml) was added.  The temperature was raised to 

40°C and the reaction mixture was stirred for 1h before the reaction was terminated with 

AcOH (858 μl, 15.0 mmol).  The solvent was removed at 45°C under high vacuum. 

Reaction mixture was washed with water, and the white precipitate was filtered.  The 

remaining aqueous phase is cooled and acidified to pH 2 with concentrated hydrochloric 

acid.  The mixture was extracted with ethyl acetate for three times, and the organic phase 

was dried with sodium sulfate.  White powder was collected after removing the solvent. 

Product was visualized by UV on TLC plate (methylene choloride/methanol (2/1) as 

solvent system, Rf ~0.43).  8 was isolated as a white solid (55%). 1H NMR (DMSO-d6, 

400MHz) δ: 1.31 (s, 9H, C(CH3)3), 1.72 (d, 3H,  H3CC(5)), 3.53/4.21 (dd, 2H, H2C(β)),  

4.35 (m, 1H, HC(α)),  6.71 (d, 0.15H, HN(BOC)), 7.12 (d, 0.85H, HN(BOC)),  7.35 (s, 

1H, HC(6)), 11.26 (s, 1H, HN(3)); MS (FAB) m/z (M+H)+ 314.1 Calculated: 313.31. 

 

N-(9-Fluorenylmethoxycarbonyl)-β-(thymine-1-yl)alanine 9 
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1) TFA, Et3SiH
90%

2) FMS, Na2CO3
65%

NN

O

BocHN COOH

8

O

CH3

H
NN

O

FmocHN COOH

9

O

CH3
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 N-(tert-Butoxycarbonyl)-β-(thymine-1-yl)alanine (1.5 g, 4.8 mmol) was acidified 

by stirring in trifluoroacetic acid (4.8 ml, 62.4 mmol) and dichloromethane (9.8 ml, 154 

mmol) in the presence of triethylsilane (1.9 ml, 12.0 mmol) at room temperature with the 

exclusion of moisture.  After 2 hr the reaction was complete and solvent was removed. 

Boc-deprotection product was readily visualized by TLC (methylene choloride/methanol 

(2/1) as solvent system, Rf ~0.3) by staining in ninhydrin.  The residue was triturated with 

diethyl ether and the precipitated product isolated by filtration (96%) 1H NMR (DMSO-

d6, 400MHz) δ: 1.74 (d, 3H, H3CC(5)), 3.78 (2H, H2C(β)), 4.21 (dd, 1H, HC(α)), 7.36 (s, 

1H, HC(6)). 

 

β-(thymine-1-yl)alanine (0.9 g, 4.2 mmol) was suspended in 9% sodium carbonate 

solution (10 ml, 8.4 mmol) and cooled in an ice bath.  A solution of 9-Fluorenylmethyl 

N-succinimidyl carbonate (11.8 g, 3.5 mmol) in dioxane was added in one portion at 0 ºC 

and mixing is continued at room temperature for 20 min.  The mixture is diluted with 

water, extracted with ether and ethyl acetate. The remaining aqueous phase is cooled and 

acidified to pH 2 with concentrated hydrochloric acid.  The aqueous phase and the 

precipitate product was extracted with ethyl acetate, the extract was washed with 

saturated sodium chloride solution, water, dried with sodium sulphate, and evaporated to 

a small volume under reduced pressure.  White powder product  9 was obtained (65%).  9 
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was readily visualized by UV on TLC plate (methylene choloride/methanol (4/1) as 

solvent system, Rf ~0.35).  1H NMR (DMSO-d6, 400MHz) δ:  1.79 (d, 3H, H3CC(5)), 

3.62 (2H, H2C(β)), 4.22 (d, 2H), 4.37 (dd, 1H, HC(α)), 7.28 (t, 2H), 7.36 (s, 1H, HC(6)), 

7.38 (t, 2H), 7.60 (d, 2H), 7.84 (d, 2H).  

 

Synthesis and Purification of Aβ(10-21)CyCy  and Aβ(10-21)ThTh   

 Aβ(10-21)CyCy was synthesized on a Rainin Symphony Quartet peptide 

synthesizer using standard FMOC chemistry on FMOC Rink-amide polystyrene resin 

(AnaSpec, Inc., usually with substitution 0.4-0.7meq/g) and HBTU/NMM as the coupling 

reagents.  Each amino acid was coupled for 2 hours, unless specified otherwise.  Val12, 

Cy13, Cy14, Leu17, Val18 and Phe19 were double coupled.  A capping step with 

acetylation was performed after every coupling reaction to prevent the formation of 

deletion peptides.  After cleavage and deprotection by 90% trifluoroacetic acid (TFA) 

with scavengers (thiolanisole/EDT/anisole, 5%/3%/2%), the crude peptide was isolated 

by trituration with diethyl ether (repeated 4-5 times) and dried under vacuum.  The 

peptide was then purified using a Waters Delta 600 HPLC with Zorbax 300SB-C18 

preparative HPLC column (21.2 mm x 25 cm) and eluted at 10 mL/min, room 

temperature with a linear gradient from H2O/MeCN (9:1) with 0.1% TFA to H2O/MeCN 

(3:2) with 0.1% TFA over 30 min.  The product was confirmed by MALDI-TOF mass 

spectral analysis: Aβ(10-21)CyCy (MALDI: [M+H+] 1604.3, cal: [M+H+] 1603.8).  

Aβ(10-21)ThTh  was synthesized and purified in a similar way. Val12, Th13, Th14, 

Leu17, Val18 and Phe19 were double coupled.  The product was confirmed by MALDI-

TOF mass spectral analysis: Aβ(10-21)ThTh (MALDI: [M+H+] 1631.8, cal: [M+H+] 
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1630.1).  The peptide fractions were collected, rotary evaporated to remove MeCN/TFA, 

then frozen and lyophilized. Lyophilized peptide was stored at 4°C until required. 
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CHAPTER 3 
 

INVESTIGATION OF NUCLEOBASE EFFECT ON Aβ (10-21) 
 
 
 
 

INTRODUCTION 
 

       Laminated β-sheets have been found to be the fundamental elements in the 

amyloid fibrils.  One of the crucial questions in understanding amyloid self-assembly is 

how the β sheets laminate, especially the driving force for β-sheets lamination, and 

relative orientation of sheets.  Insight into factors that govern amyloid stabilization will 

ultimately lead to a better understanding of the pathways for amyloid formation and to 

methods able to destabilize and/or block this event.   

 As β sheet lamination is primarily driven by side chain interactions of different 

amino acids from adjacent sheets, we are particularly interested in how the side chain 

interacts through basic forces such as electric interactions, hydrophobic interactions, 

hydrogen bonding and van der Waals interactions to stabilize sheet-sheet lamination.   
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 As an example, Zn2+ ion has been identified to be corordinated with his13/his14 

dyad in amyloid beta peptide, and investigations of  β sheet lamination have been 

preformed by probing side chain properties of histidine with Zn2+ ion incorporation. 

HPLC spin down and small angle neutron scattering experiments show that the 

nucleation time for Aβ(10-21) is greatly reduced by zinc-binding to His13 and His14 

(Morgan, Dong et al. 2002).  This effect of Zn2+ coordination on the rate of amyloid 

formation can be used to differentiate between nucleation and propagation rates.   

 Based on understanding the role of Zn2+ ion incorporation in the process of 

amyloid self-assembly, we try to explore new recognition elements that manipulate 

electric interactions, hydrophobic interactions, hydrogen bonding and van der Waals 

interactions to stabilize sheet-sheet lamination.  This study will not only help to 

understand the self-assembly mechanism that governs amyloid formation, but also 

enables the identification of novel motifs to control self-assembly process. 

  Molecular Dynamics (MD) simulations of Aβ (10-21) suggested that a nucleobase 

modified Aβ (10-21) containing cytosine moieties at the amino acid side chain of H13 

and H14 position could maintain a 10 Å separation between the laminate sheets. Guided 

by the extended β-sheet model, Aβ(10-21)CyCy and Aβ(10-21)ThTh was synthesized for 

study.  In this chapter, nucleobases are used as structural and kinetic probes for Aβ self-

assembly, and trying to address the following questions: 

1) How does nucleobase incorporation modulate the morphology and structure of       

amyloid assembly? 

2) How does nucleobase incorporation modulate the kinetics of amyloid 

assembly? 
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3) What are the driving forces for β−sheets lamination? 

4) Where does the nucleobase locate on the amyloid assembly? 

 

 

RESULTS   

Aβ(10-21)CyCy Forms Amyloid Fibrils   

  At pH 4.3, which is around the pKa of cytosine, it forms very homogeneous 

amyloid fibrils with an average width 8 ± 0.5nm by TEM and height 8.1 ± 1nm by AFM 

(Figure 3. 1).  After assembly, the peptide solution becomes very viscous and gel-like, 

but remains transparent.  Particles with height smaller than 2 nm were observed 

coexisting with the amyloid fibrils even after 30 days incubation (Figure 3.1B), which 

probably resulted from that the peptide self-assembly right after dissolved and reached 

equilibrium in solution. As was found with the full length Aβ peptide and other longer 

variants, fibrils formed with Aβ(10-21)CyCy exhibited the green birefringence 

characteristic of amyloid stained with Congo Red when viewed with polarized light, and 

the red shift in the absorption spectrum of Congo Red from 495 nm to 540 nm, indicating 

that Aβ(10-21) indeed forms amyloid.     

 

Aβ(10-21)CyCy Self-Assembly Under Different pH 

 MD simulation predicted the incorporation of cytosine moieties at specific side 

chain positions of Aβ(10-21) would facilitate self-assembly.  To test this hypothesis,  

 
 

 36



Figure 3.1 
   
TEM (A) and AFM (B) images and measurements of Aβ (10-21)CyCy fibrils. 
 
Aβ(10-21)CyCy 1.5 mM in 25 mM MES buffer with pH adjusted to 4.3. 
                              
                                 A 

 
 

           B 
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Aβ(10-21) and Aβ(10-21)CyCy were incubated in 25 mM MES buffer under different 

pH ranging from 3 to 6 at room temperature.  To be comparable with Aβ(10-21), Aβ(10- 

21)CyCy was also dissolved in 25 mM MES buffers at pH 3.3, 4.3, and 5.5 respectively. 

AFM revealed Aβ(10-21)CyCy self-assembled into fibril like structure under these pH 

conditions.  In contrast, Aβ(10-21) remains particles at pH 3.3 and 4.3,  and self-

assembles into fibrils only at pH 5.5 (Figure 3.2).  Therefore, the nucleobase 

incorporation broadens the pH range of fibril formation in Aβ(10-21). 

 Small-angle X-ray scattering (SAXS) was used to delineate the solution structure 

of the supermolecular assembly of Aβ(10-21)CyCy.  TEM images of SAXS samples 

were shown in Figure 3.3.  The X-ray scattering cross section I(Q) for Aβ(10-21)CyCy 

samples in 25 mM MES buffer at different pH was shown in Figure 3.3A, and the data 

were interpreted using a modified Guinier analysis which involves plotting ln[Q⋅I(Q)] 

versus Q2 (Figure 3.3B).  Rod-like particles give rise to a linear region in the modified 

Guinier plot in the low Q region (Q⋅Rc<1.1) where the cross-sectional radius of gyration, 

Rc, can be derived from the slop of the straight line by the relation Rc
2= -2⋅slope, and the 

average cross-sectional radius of the rod R is given by R=Rc· 2  (Porod 1982; Burkoth, 

Benzinger et al. 1999; Thiyagarajan, Burkoth et al. 2000).  Table 1 presents the cross-

sectional radius at different pH value.  Clearly, the radius of the rods increases rapidly 

with increasing pH (Table 3.1).  At pH 7.2, the radius of the rod-like particles increased 

enormously, reaching a value of 117.8 ± 0.6Å.  The fibrils are large and polydispersed, 

and the large radius indicates that at this pH fibril-fibril association was dominant leading 

to complex network of structures.  This is consistent with the observation of TEM (Figure 
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Figure 3.2  

AFM of Aβ(10-21) and Aβ(10-21)CyCy self-assembly under different pH   

A, B, C AFM image of 1.5 mM Aβ(10-21) in 25 mM MES buffer with pH adjusted to 3.3, 

4.3, 5.5.   

D, E, F AFM image of 1.5 mM Aβ(10-21)CyCy in 25 mM MES buffer with pH adjusted 

to 3.3, 4.3, 5.5. 

 

B

500 nm 

A 

  

C 

 

 

ED F

 
 
 
 
 
 
 
 

 39



Figure 3.3  
 
Small Angle X-ray Scattering (SAXS) of Aβ(10-21)CyCy. 

A. Small angle X-ray scattering intensity I(Q)  as a function of momentum transfer (Q= 

4πsinθ/λ) of 1.5 mM Aβ(10-21)CyCy in 25 mM MES at pH 3.3, 4.3, 5.5, 7.2. 

B.  Modified Guinier Analyses for scattering profile of Aβ(10-21) CyCy shown in Figure 

3.3A.  

A 

 
 
B 
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3.4D).  The sample at pH 7.2 was also unstable and formed small precipitates over time. 

Similar observations were reported for Aβ(10-35) fibrils (Thiyagarajan, Burkoth et al.  

2000).   

Table 3.1 radius of the rods of Aβ(10-21)CyCy as function of pH. 

 

pH 3.3 4.3 5.5 7.2 
Rc (Å) 31.60±0.04 27.90±0.04 40.8±0.2 83.3±0.4 
R (Å) 44.68±0.06 39.46±0.06 57.7±0.3 117.8±0.6 

 

Aβ(10-21)CyCy Secondary Structure  

      The conformational changes coincident with amyloid fibril formation were 

followed by CD (Figure 3.5).  At 0 hr, Aβ(10-21)CyCy showed negative molar ellipticity 

at 208 nm.  Over time the intensity of the negative peak increased along with a small 

negative shoulder at 216 nm, but the spectra was inconsistent with CD spectra of any 

typical secondary structure.  Significant light scattering by large particles, such as 

assembled fibrils and the viscosity of the assembled solution, may contribute to the 

observed elipticity.  The cytosine was assigned to a maximum at 275 nm and a minimum 

at 235 nm.  The elipticity at 275 nm might suggest the base pairing between cytosine 

moieties.  Previous temperature-dependent studies of alanyl PNA self-pairing correlated 

the decrease of molar elipticity at 275 nm with the UV melting curve (Diederichsen and 

Schmitt 1996).  However, the melting temperature of Aβ(10-21)CyCy fibrils is above 

100 ºC, and there is no change in the CD spectra under 100 ºC.  
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Figure 3.4 
 
TEM images of Aβ(10-21)CyCy  

TEM images of 1.5mM peptide assembled in 25mM MES buffer at pH: A, pH=3.3; B, 

pH=4.3; C, pH=5.5; D, pH=7.2.      

A                                                                   B 

                        
    
 
      C                                                             D        
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Figure 3.5 
 
Time-dependent CD spectra of Aβ(10-21)CyCy.  
 
CD spectra of a 1.5 mM Aβ(10-21)CyCy solution in 25mM MES buffer (pH 4.3). 

Negative peak at 208nm and positive peak at 275nm are developed in solution over 

incubation.   
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Figure 3.6 

FT-IR spectra of Aβ(10-21)CyCy 

After one month incubation, the sample was centrifuged at 16,110xg for 30 min and the 

pellet and supernatant were dried by lyophilization and FT-IR spectra were recorded 

qindividually.  The pellet, blue; and the supernatant, red. 
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Infraed absorption (IR) spectroscopy has been extensively used for peptide 

conformational assignments (Hilbich, Kisterswoike et al. 1991; Wood, Maleeff et al. 

1996), and Aβ(10-21)CyCy was further investigated by FT-IR (Figure 3.6).  Mature 

fibrils were pelleted by centrifugation to remove non-assembled monomers.  The pellet 

showed the amide carbonyl stretch (type II) at 1636 cm-1, further supporting the CD 

assignment of β sheet secondary structure in the fibrils.  

 

Does Cytosine accelerate self-assembly? 

 The effect of cytosine moiety on the rate of Aβ(10-21) assembly was followed by 

small angle neutron scattering (SANS).  Both Aβ(10-21) and Aβ(10-21)CyCy were 

dissolved in 25mM MES buffers at pH 5.5, condition under which both peptides self-

assemble into fibrils.  The formation of large aggregates was also directly monitored by 

SANS.  In order to acquire data within a reasonable time frame, experiments were 

performed at an initial peptide concentration of 3.3 mM. As seen in Figure 3.7, SANS 

intensity increased in the low Q region over time, indicating the formation of large 

particles.  The SANS intensity at Q = 0.03 Å-1, the region of best signal-to-noise and 

most appropriate for the expected fibril sign, was plotted as a function of aging time.  For 

Aβ(10-21), a nucleation phase lasted several hours followed by a persistent growth phase 

and a plateau in 8 hours.  For Aβ(10-21)CyCy, a nucleation phase was undetectable.  

Taken together, it was shown that cytosine moiety incorporation accelerates amyloid 

formation of Aβ(10-21). 
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Figure 3.7   

Small Angle Neutron Scattering (SANS) Aβ(10-21) and Aβ(10-21)CyCy over time. 

A. Small angle neutron scattering intensity I(Q) over time as a function of momentum 

transfer (Q= 4πsinθ/λ) of 3.3mM Aβ(10-21). 

B.  Small angle neutron scattering intensity I(Q) over time as a function of momentum 

transfer (Q= 4πsinθ/λ) of 3.3mM Aβ(10-21)CyCy. 

C. Plot of I(Q) at Q=0.03Å-1 as a function of time in Aβ(10-21) (blue) and in Aβ(10-

21)CyCy (red).  
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Do the Aβ(10-21) and Aβ(10-21)CyCy assemblies have the same structure? 

 Though the mature fibrils formed by Aβ(10-21)CyCy and Aβ(10-21) have similar 

morphologically similar, the fibril assembly pathways may be distinct.  To investigate 

intermediates in the self-assembly pathway, Aβ(10-21)CyCy was prepared at a peptide 

concentration as low as 0.1 mM.  As seen by AFM (Figure 3.8),  at 0 hr, small particles 

were observed initially that appeared fuse to form large particles, at least on the AFM 

grid, to line up to form short assemblies with heights of 2 ± 1 nm (Figure 3.8A).  Such 

fusing events have also been observed in other amyloid fibril assembly pathways 

(Seilheimer, Bohrmann et al. 1997).  Over time, smooth fibrils with height of 4 ± 1 nm 

appeared (Figure 3.8B).  Finally smooth fibrils twisted to form mature fibril with height 

of 8 ± 1 nm.      

  

Point Mutation at His13 and His14 of Aβ(10-21) 

 Since zinc-binding to His13 and His14 in Aβ(10-21) is through inter-sheets 

interactions, point mutations of  His13 and His14 may have important effects on the 

conformation of the peptide and consequently on the rate of fibril growth.  To investigate 

the specificity, we examine the effect of substitution of cytosinyl-alanine, glutamine and 

phenylalanine for histine at poistion 13 and 14 in Aβ(10-21).  As shown in the molecular 

dynamic simulation, at pH values around the pKa of cytosine (~4.2), a third H-bond 

could form between the two cytosines along β sheet lamination dimension and stabilize 

the fibril formation.  If the two cytosines are protonated, charge repulsion is expected to 

disturb assembly; and indeed, Aβ(10-21)CyCy did not assemble at pH 2.  As a control, 

the QQ dyad in Aβ(10-21)H13QH14Q could hydrogen bond as in CyCy, but independent 
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of pH.  FF dyad in Aβ(10-21)H13FH14F would also accelerate fibril formation 

independent of pH.  Based on this analysis, substitutions of H with amino acids Q and F 

were synthesized. Purified Aβ(10-21)QQ and Aβ(10-21)FF were dissolved in 40% 

actenitrile/water solution (due to the solubility issue) and allowed to assemble at various 

pHs.  Significant β-sheet signature, with a minimum at 220 nm by CD, appeared right 

after the sample dissolved, indicating an increased propensity toward amyloid formation.  

Both Aβ(10-21)QQ and Aβ(10-21)FF self-assembled at a broad pH range from 2 to 7 

(Figure 3.9 and Figure 3.10).  Fibrils were observed by AFM with 8 ± 1 nm in height for 

both of the congeners (Table 3.2).  Based on the above data, 13 and 14 positions in 

Aβ(10-21) appears structurally flexible and able to accommodate a variety of amino acids 

substitutions.  Besides, previous research of the effects of hydrophobic amino acids (Phe, 

Ile, Val, or Tyr) on peptide self-assembly showed that morphology is delicately 

determined by the interactions between hydrophobic residues, especially the aromatic 

interactions between Phe residues (Matsumura, Uemura et al. 2004).  In our study, 

according to the HPLC retention time and solubility, CyCy are less hydrophobic than QQ 

and FF dyads, and as hydrophilic as HH dyad, however, Aβ(10-21)CyCy  has greater 

propensity to self-assembly into fibrils than Aβ(10-21), especially at pH 4 or lower, under 

which condition cytosine will be protonated and the positive charges on the side chain 

will destabilize the sheet-sheet lamination. It suggests that hydrophobic packing is not 

only driving force for amyloid self-assembly, though this interaction is very important. 

 



Figure 3.8 Morphology Development of Aβ(10-21)CyCy 
 
(A) 0 days, particles with height 1-2 nm 

(B) 4days, particles grows into the fibrils with height of 3-4 nm 

(C) 8 days, most of particles disappear, the fibrils mature with height increases to 8-9 nm 
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            Figure 3.9  

 CD spectra and AFM of Aβ(10-21)QQ self-assembly under different pH   

  A, B, C, CD spectra of 1.5mM Aβ(10-21)QQ in 40% acetontrile/water with pH adjusted to 2.0, 3.3, 7.2. 

  D, E, F, AFM of 1.5mM Aβ(10-21)QQ in 40% acetontrile/water with pH adjusted to 2.0, 3.3, 7.2. 

 A                                                              B                                                        C 
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            Figure 3.10 

 CD spectra and AFM of Aβ(10-21)FF self-assembly under different pH   

 A, B, C, CD spectra of 1.5mM Aβ(10-21)FF in 40% acetontrile/water with pH adjusted to 2.0, 3.3, 7.2. 

 D, E, F, AFM of 1.5mM Aβ(10-21)FF in 40% acetontrile/water with pH adjusted to 2.0, 3.3, 7.2. 

                A                                                           B                                                      C 

                 D                                                       E                                                         F 

                                            

 



Investigation of the surfaces of nucleobases modified amyloid fibrils 
 
Aβ(10-21)CyCy Acts as templates for metal deposition  

 Nucleobase modified amyloid beta peptide could be a good candidate for assisting 

the bottom-up assembling of nanostructure due to the following reasons. First of all, 

peptide-based nanomaterials have particular advantage in tailored molecular design, 

availability of a variety of functional groups, low toxicity, biodegradability and ability of 

self assembly into desired structural scaffold.  With easily modified self-assembled 

surfaces and relatively high stability, synthetic amyloid fibrils were tested for the 

possibility as templates.  In turn, this study would provide structural information of 

amyloid fibril surfaces.  Secondly, due to the unique self-recognition properties, 

nucleobases could be a robust sensing or positioning component.  For example, DNA 

molecules were used to template the metal nanoparticles into nanoclusters or nanowires 

(Braun, Eichen et al. 1998; Petty, Zheng et al. 2004).     

 Hg2+ and Ag+ ions have been found to be very effective in binding the nucleotide 

bases and there is no evidence showing that these metal ions bind phosphate (Eichhorn 

1973; Marzilli 1977).  Hg2+ has strong affinity for AT rich DNA and Ag+ for GC rich 

DNA.  Specifically, silver forms complexes with purines or pyrimidines via nitrogen or 

π–electron coordination of the bases. Taking the advantage of great affinity of Ag+ ions 

for nucleobases, we test the possibility of growing silver nanoparticles with Aβ(10-

21)CyCy as templates. If the cytosine moieties expose on surfaces of Aβ(10-21)CyCy 

fibrils, they would act as template to direct the deposition of Ag+ ions. Once localized, 

these silver cations can be reduced to form nanoparticles following the contour of the 

template.  Following procedures described in the materials and methods section, silver 
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nitrate solution was first mixing with Aβ(10-21)CyCy solutions at various Ag+ to peptide  

ratios. The peptide solution remains transparent after mixing with AgNO3 solution. 

However, addition of NaBH4 solution resulted in immediate precipitation and solution 

turns into brown or black depends on the concentration of AgNO3, indicating the 

formation of silver particles.  The silver-peptide binding was studied by UV-Vis spectra. 

No significant UV absorbance change with Ag+: peptide ratio of 1:1.  At Ag+: peptide 

ratio of 5:1, the cytosine absorption maximum at 274 nm decreased from 0.869 to 0.854 

upon Ag+ complexation, at which wavelength indicated the absorbance of cytosine bases 

(Figure 3.11).  Following reduction of the bound ions, further spectral changes occur.  

Absorption peak at 274 nm shifts to 270 nm, and the absorbance increases to 1.14.  These 

changes in the UV absorption might indicate the silver ions and nanoclusters associate 

with the bases. According to previous research on DNA-silver binding, this blue shift 

may be attributed to new, overlapping electronic bands for small silver clusters, which 

are known to absorb in this spectral region (Petty, Zheng et al. 2004).  Reduction of the 

Ag+ bound to the peptide results in a new absorption peak occurred in the visible region 

of the spectrum.  The transition has λmax at 416 nm at 2 min after adding the BH4 -.   

Theoretical and low-temperature spectroscopic studies suggested electronic transitions 

for small silver clusters, in particular Ag2 and Ag3, are expected in this spectral region 

(Marchetti, Muenter et al. 1998; Bonacic-Koutecky, Pittner et al. 1999).  Through TEM 

images shown in Figure3.12, several continuous silver coated fibrils were observed, 

however, the majority of the fibrils remained uncoated. This heterogeneous coating is 

probably due to the self-nucleation of Ag nanoparticles (Fu, Wang et al. 2003).  On the 

same grids, the binding of individual Ag particles were also observed. Together, these 
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results suggest that it may be feasible to control the formation of nanoclusters using 

nucleobases modified amyloid peptide as template. 

 

 Aβ(10-21)ThTh Self-Assembly Under Different pH and Preliminary Data on DNA 

Binding 

 ThTh dyad in Aβ(10-21)ThTh could accelerate fibril formation independent of pH 

change. To test this hypothesis, Aβ(10-21)ThTh were incubated in 25mM MES buffers at 

pH 3.3, 4.3, 5.5 and 7.2 respectively. TEM revealed Aβ(10-21)CyCy self-assembled into 

fibril like structure under these pH conditions right after the peptides dissolved (Figure 

3.13).  The fibrils at pH 7.2 are clearly shorter and tend to bundle together as shown in 

TEM.  Small-angle X-ray scattering (SAXS) was used to delineate the solution structure 

of the supermolecular assembly of Aβ(10-21)ThTh.  The X-ray scattering cross section  

I(Q) for Aβ(10-21)ThTh samples in 25 mM MES buffer at different pH was shown in 

Figure 3.14A, and the data were interpreted using a modified Guinier analysis which 

involves plotting ln[Q⋅I(Q)] versus Q2 (Figure 3.14B).  Table 2 presents the cross-

sectional radius at different pH.  Similar to Aβ(10-35) and Aβ(10-21)CyCy, the radius of 

the rods increases rapidly with increasing pH.  At pH 7.2, the radius of the rod-like 

particles increased enormously, reaching a value of 152.0 ± 1.4 Å.  The fibrils are large 

and polydispersed, and the large radius indicates that at this pH fibril-fibril association 

was dominant leading to complex network of structures, which is consistent with the 

observation of TEM.  The sample at pH 7.2 was also unstable and formed precipitates 

over time. 
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A (black line), 0.15mM peptide solution; B (red line), peptide with 0.75mM Ag+ (5 

Ag+:2 bases); C (green line), 2 min after adding 1 BH4
-:1 Ag+ to the peptide/Ag+ solution. 
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Figure 3.12  
 
Sivler nanoparticle binding on Aβ(10-21)CyCy fibrils.  
 
TEM images 1.5mM Aβ(10-21)CyCy in 25mM MES at pH3.3. Ag+: peptide ratio of 5:1 at different spots. Scale bar, 167nm. 
 
       

                 

 



Table 3.3 Radius of the rods of Aβ(10-21)ThTh as function of pH. 

 

pH 3.3 4.3 5.5 7.2 
Rc (Å) 28.58±0.03 27.9±0.04 49.2±0.2 107.5±1.0 
R (Å) 40.42±0.04 39.46±0.06 69.6±0.3 152.0±1.4 

If the structure of Aβ(10-21)ThTh fibrils is similar to Aβ(10-35) fibrils as the molecular 

dynamic simulation suggests, that is, consist of laminated sheets twisting along the fibril 

axis, then there will be thymine bases exposing on the surface of fibril.  Then it is 

possible to use Aβ(10-21)ThTh as template to bind DNA.  Therefore, we tested the 

binding of Aβ(10-21)ThTh with oligodeoxyadenosine, (dAp)n. As Aβ(10-21)ThTh 

solution at pH 7.2 was unstable and formed precipitates over time, solutions of Aβ(10-

21)ThTh at pH 5.5 were used to study the Aβ(10-21)ThTh-polyA binding by CD.  1.5 

mM Aβ(10-21)ThTh in 25 mM MES buffer (pH 5.5) was diluted in half and make 

Aβ(10-21)ThTh: polyA ratio of 6:1.  (dAp)2, (dAp)4, (dAp)6, (dAp)12 and (dAp)24 was 

used to test if there is  chain-length-specific binding. Spectra of Aβ(10-21)ThTh mixing 

with polyA was taken first and then substracted the poly A curve to compare with the 

Aβ(10-21)ThTh curve.  As shown in figure 3.15, if there is binding between the Aβ(10-

21)ThTh and polyA, then the substraction CD curve will not overlap with CD curve of 

Aβ(10-21)ThTh.  This preliminary data suggested there is some interaction occuring 

between the peptide and polyA.  Further investiagation on sequence- and chain-length-

specific reading of a Aβ(10-21)ThTh template is needed. 
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Figure 3.13 
   
TEM images of Aβ (10-21)ThTh fibrils 
 
TEM images of 1.5mM Aβ(10-21)ThTh in 25mM MES buffer with pH adjusted to 3.3 

(A), 4.3 (B), 5.5 (C) and 7.2 (D) .     

A                                                                      B 

                  
 
C                                                                       D 
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Figure 3.14  
 
Small Angle X-ray Scattering (SAXS) of Aβ(10-21)ThTh. 

A. Small angle X-ray scattering intensity I(Q)  as a function of momentum transfer (Q= 

4πsinθ/λ) of 1.5 mM Aβ(10-21)ThTh in 25mM MES at pH3.3, 4.3, 5.5, 7.2. 

B.  Modified Guinier Analyses for scattering profile of Aβ(10-21)ThTh shown in figure 

3.15A.  

A 

 
 
B 
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Figure 3.15 
 
CD spectra of Aβ(10-21)ThTh mixing with polyA.  
 
CD spectra of 1.5 mM Aβ(10-21)ThTh in 25mM MES buffer (pH 5.5) was diluted in half 

to make a Aβ(10-21)ThTh: polyA ratio of 6:1.  Spectra of Aβ(10-21)ThTh mixing with 

polyA was taken first and then substracted the poly A curve to compare with the Aβ(10-

21)ThTh curve. 
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DISCUSSION 

 Here we showed that nucleobase modified amyloid peptide, Aβ(10-21)CyCy, is 

sufficient to form homogeneous amyloid fibrils.  As expected, reaction conditions for the 

modified system Aβ(10-21)CyCy vary from native Aβ(10-21).  Aβ(10-21)CC forms 

fibrils readily at pH 4, fibrils form at one tenth the concentration of Aβ(10-21), and the 

fibrils have the appearance of the Zn2+-induced nucleation, forming relatively short and 

dense fibrils. The most striking difference exists between the pH required for fibril 

formation (pH of ~4 for Cy---Cy modified versus 5.5 for the native) suggesting a 

protonated state for the pyrimidines.  Cytidine incorporation provides an additional 

element to explore the assembly pathway, extend the conditions for assembly, and 

stabilize fibril architecture.      

 Several observations suggest that cytosine incorporation induces Aβ(10-21) 

nucleation, specifically: 1) cytosine incorporation at the amino acid side chain increases 

assembly rate, 2) cytosine incorporation induces significantly denser and shorter fibrils at 

the same peptide concentration of Aβ(10-21) wild type without alternating fibril width. 

This suggests that it is possible to find conditions that differentially alter nucleation and 

propagation rates, and hence opens the possibility of further probing the mechanism of 

amyloid self-assembly.  This work is the first successful demonstration of incorporation 

of nucleobases into the amyloid peptide self-assembly system. 

The aggregation properties of Aβ(10-21)CyCy and Aβ(10-21) were compared in 

several ways.  CD and FTIR spectroscopy suggest the confirmations of the two peptides 

are nearly identical in their folded states.  TEM and AFM revealed the fibril formed by 

the two peptides have similar dimension.  Cross-seeding experiment suggested that the 
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two peptides would use their shared sequence in similar way to engage in amyloid 

folding and the conformation at fibril growth end is quite similar. 

Although Aβ(10-21)CyCy, Aβ(10-21)QQ and Aβ(10-21)FF form fibrils with 

similar dimension, they response to pH change differently and therefore reflect different 

side chain properties. Mutations associated with modest change in side chain 

hydrophobicity, charge and dipole monent, were observed to have great impact on fibril 

growth kinetics and stability.  A critical question in the research of nucleobase modified 

amyloid peptide is the role nucleobase playing in the process of peptide folding.  Does 

the nucleobase have inter-sheet contacts as the model predicts?  How does the side chain 

packing contribute to accelerated amyloid fibril formation?  Why does the nucleobase 

incorporation only accelerate fibril formation but not alter the assembly structure? 

Understanding the structure details of nucleobase incorporation would be helpful to 

explore the factors affecting amyloid self-assembly and factors controlling the assembly 

kinetics and morphology. 

 We have utilized Aβ(10-21)CyCy templates for synthesizing silver nanoclusters. 

By adjusting the AgNO3 
concentration, reducing time and reducing reagent concentration,   

Base-specific interactions could be a significant feature of these nanoclusters, as 

suggested from the absorbance maximus shifts in the UV-Vis spectra for the cytosine 

bases.   Further investigation of Aβ(10-21)CyCy templates for silver nanoculsters using 

fluorescence, absorption, electrospray ionization mass, and NMR spectra would be 

valuable to clarify the binding mechanism and provide insight into the surface properties 

of Aβ(10-21)CyCy. 
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MATERIALS AND METHOD 

Peptide Synthesis 

 Peptide was synthesized on a Rainin Symphony Quartet peptide synthesizer using 

standard FMOC chemistry. The detailed procedure was described in Chapter 2.  The 

peptide was then purified using a Waters Delta 600 HPLC with Zorbax 300SB-C18 

preparative HPLC column (21.2 mm x 25 cm) and eluted at 10 mL/min, room 

temperature with a linear gradient from H2O/MeCN (90:10) with 0.1% TFA to 

H2O/MeCN (60:40) with 0.1% TFA over 30 min.  The peptide fractions were collected, 

rotary evaporated to remove MeCN/TFA, then frozen and lyophilized. Lyophilized 

peptide was stored at 4°C until required. The product was confirmed by MALDI-TOF 

mass spectral analysis: Aβ(10-21)WT (MALDI: [M+3H+] 1518.73, cal: [M+H+] 1515.77),  

Aβ(10-21)CyCy (MALDI: [M+2H+] 1604.21, cal: [M+H+] 1602.79) Aβ(10-21)QQ 

(MALDI: [M+H+] 1497.82, cal: [M+H+] 1497.75), Aβ(10-21)FF (MALDI: [M+3H+] 

1539.39, cal: [M+H+] 1535.84).  

 

Fibril Formation 

 Aβ(10-21) and Aβ(10-21)CyCy were dissolved in distilled deionized H2O, then 

50mM MES buffer in equal volume as distilled deionized H2O was added in, making a 

solution with final concentration is 25mM MES buffer.  Due to the solubility issue, 

Aβ(10-21)QQ and Aβ(10-21)FF were dissolved in distilled 40% acetonitrile solution. 

The peptide solution was sonicated for 10 min and centrifuged at 16,110xg for 10 min to 
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remove preformed aggregates.  The supernatant was used as the peptide stock solution 

and incubated at room temperature if not specified. 

 

Circular Dichroism Spectroscopy (CD) 

 CD spectrum was recorded at JASCO-810 CD spectropolarimeter at room 

temperature.  Typically, spectra between 190 nm and 290 nm were collected with a 

0.1mm path length cell, with a step size of 0.2 nm and a speed of 100 nm/s.  Three 

spectra were recorded for each sample and averaged automatically.  

 

Melting Curve by Circular Dichroism Spectroscopy (CD) 

 CD spectrum was recorded at JASCO-810 CD spectropolarimeter at room 

temperature.  Typically, spectra between 190 nm and 290 nm were collected with a 

0.1mm path length cell, with a step size of 0.2 nm and a speed of 100 nm/s.  Starting 

temperature is 20ºC and ending temperature is 90ºC.  The temperature is raised at 

2ºC/min and equilibrium time 30 s.  Three spectra were recorded for each sample and 

averaged automatically.  

 

FT-IR Spectroscopy 

 Solution of mature fibrils was centrifuged at 16,110xg for 30 min, then the 

supernatant was removed and precipitate was lyophilized.  The dried powder was mixed 

with KBr as a pellet for IR analysis. KBr background was deducted from each sample 

measurement. IR spectra were collected on a Nicolet MAGNA-IR 560 Spectrometer E. S. 

P. instrument operated at 2 cm-1 resolution. 100 scans were averaged to obtain a spectrum.  
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Transmission Electron Microscopy (TEM)  

 An aliquot of 8μL peptide solution was put on carbon-coated 200 mesh copper 

grid (Electron Microscopy Science, Hatfield, PA), allowed to settle for one minute.  

Excess solution was wicked away with filter paper.  Then, 2% uranyl acetate solution as 

staing reagent was put to the grid for 1 minute.  The excess staining solution was wicked 

away. All samples were stored in a desiccator before study.  Electron micrographs were 

obtained using Hatachi Hitachi H-7500 transmission electron microscope operating at 75 

kV at Neurology Microscopy Core Laboratory. 

 

Atomic Force Microscopy (AFM)  

 Samples were diluted to desired concentration and 20 uL of the solution was 

placed on a clean silicon chip for one minute, excess solution was removed with filter 

paper and the chip was rinsed with distilled H2O.  Tapping mode analysis on a JEOL 

JSPM-4210 employed ultra-sharp non-contact silicon cantilevers with typical frequencies 

between 240 and 350 KHz (MikroMasch, Wilsonville, OR). 

 

Small Angle Neutron Scattering (SANS) 

 Small Angle Neutron Scattering (SANS) experiments were performed at the time-

of flight small angle neutron scattering diffractometers (SAND) at the Intense Pulsed 

Neutron Scource of Argonne National Laboratory.  This instrument provides a range of 

momentum transfer (Q= 4πsinθ/λ), where θ is half the scattering angle and λ is the 

wavelength of incoming neutrons) of 0.0035 to 0.6 Å-1 in a single measurement.   
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 Aβ(10-21) (5mg/ml) and Aβ(10-21)CyCy (5mg/ml) was dissolved in 99.9% D2O 

with 25 mM MES buffer at pH 5.6.  Data were collected with samples in 2mm path 

length quartz cells.    

 

Small Angle X-ray Scattering (SAXS) 

 Small-angle X-ray scattering (SAXS) was used to delineate the solution structure 

of the supramolecular assembly of Aβ(13-21)CyCy. Experiments were done at the 12-ID 

beam line at the APS. Small-angle scattering intensity, I(Q), can be described by  

 

I(Q) = I0 n (Δρ)2 V2 P(Q) + Ib

 

   For a dilute system of particles, where I0 is an instrument constant, n, the 

number density of particles, Δρ, the difference in scattering length density (contrast) 

between the particles and solvent, V, the volume of particles, Ib, the flat background and 

P(Q) is the particle form factor. The scattering vector, Q = (4π/λ) sin(θ), where λ is the 

X-ray wavelength and 2θ is the scattering angle. 

 

Aβ(10-21)CyCy Acts as templates for metal deposition  

 Silver nitrate (J. T. Bakers, 99.9%) and sodium borohydride (Aldrich, 98%) were 

used as received.  The silver nanoclusters were synthesized by first mixing sliver nitrate 

solution with the Aβ(10-21)CyCy solution at room temperature and then adding NaBH4 

followed by vigorous shaking. Visible absorption spectra were acquired using a Cary 

UV- 1000 spectrometer.   
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Aβ(10-21)ThTh Acts as templates for DNA binding  

PolyA was purchased from SigmaGenosys and was tested by UV, HPLC and 

MALDI before using.  PolyA was dissolved in water and make final concentration of 

0.125 mM. 1.5 mM Aβ(10-21)ThTh in 25 mM MES buffer (pH 5.5) was diluted in half 

and make Aβ(10-21)ThTh: polyA ratio of 6:1.  Spectra of Aβ(10-21)ThTh mixing with 

polyA was taken  by CD.  
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CHAPTER 4 
 

EXPLORING AMYLOID LAMINATION BY NUCLEASEBASE 
INCORPORATION IN Aβ(13-21) 

 
 

 
 
 

INTRODUCTION 
 

 
 The kinetics and morphological analysis on Aβ(10-21)CyCy in chapter 3 

suggested that cytosine incorporation increased the rate of nucleation, but did not alter 

fibril propagation.  Side chains of tyrosine, glutamate acid and valene resideues at the N-

terminal might complicate the cytosine-cytosine interaction which is in the middle of 

peptide strand. Therefore, a shorter fragment Aβ(13-21), CyCyQKLVFFA was 

considered.  Further, substitution of lysine 16 with alanine was performed in order to 

amplify the hydrophobicity and amphiphilicity of the peptide, an important feature of 

self-assembly.  The peptide, CyCyQALVFFA was prepared for the investigation.  
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 Previous studies indicated that Aβ(13-21) is an amphiphilic fragment in which 

self-assembly can be modulated by metal ions.  Zn2+ incorporation not only increased the 

self-assembly rate but also dramatically modulated amyloid morphology (Dong, Shokes 

et al. 2006).  In the absence of Zn2+, Aβ(13-21)K16A forms typical amyloid fibrils; in the 

presence of Zn2+, the self-assembly rate was accelerated and the morphology was altered 

profoundly.  Zn2+ incorporation increased the lamination and induced ribbon and tube 

formation.  As seen in Aβ(10-21), nucleobase incorporation accelerated the self-assembly 

as Zn2+ does.  Here I chose to test whether in Aβ(13-21), nucleobase incorporation could 

be used to increase the sheet-sheet interaction. 

                

 

RESULTS   

Aβ(13-21)CyCy Forms Homogenous Nanotubes 

 The nine-residue peptide Aβ(13-21)CyCy, NH2-CyCyQALVFFA-NH2, was 

synthesized via standard FMOC solid phase protocols.  The C termini capped, and the 

free N-terminus ensured the amphiphilicity.  Aβ(13-21)CyCy 0.3 mM was dissolved in 

25 mM MES buffer and pH was adjusted to 4.2, approximately the pKa of cytosine. 

Immediately after the peptide was dissolved in solution, the CD spectrum showed 

negative ellipticity at ~195 nm, and positive ellipticity at 207 nm and 270 nm (Figure 

4.1A). While the spectrum is not that typically expected for protein secondary structure 

because of the cytosine chromophore, IR spectra revealed a strong amide I absorption at 

1636 cm-1, indicating the presence of H-bonded, β sheet rich structures (Figure 4.1B).  
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Figure 4.1 Secondary structure of Aβ(13-21)CyCy monitored by CD and FT-IR.  

(A) CD sectra of a 0.3 Aβ(10-21)CyCy solution in 25mM MES buffer (pH 4.3).   

(B) IR spectra of a 0.3 Aβ(10-21)CyCy solution in 25mM MES buffer (pH 4.3).   
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 Transmission Electron Microscopy (TEM) analysis were most consistent with 

homogenous nanotubes. The dark line in the contour has been a characteristic feature of 

these peptide nanotubes (Lu, Jacob et al. 2003) and these show a width of about 30 nm 

when dried on TEM grids (Figure 4.2).  This size is significantly larger than the normal 

amyloid fibrils, and the sharp white edges observed for each assembly, suggested hollow 

properties being visualized by the negative uranyl acetate staining.  In contrast to other 

polydisperse nanotubes, the lengths are generally short. 

 Small-angle X-ray scattering (SAXS) experiments were performed at the 12-ID 

beam line in the Advanced Photon Sources (APS) at Argonne National Laboratory.  

Small-angle scattering intensity, I(Q), can be described by  

 

I(Q) = I0 n (Δρ)2 V2 P(Q) + Ib

 

In this expression, for a dilute system of particles, I0 is an instrument constant, n is the 

number density of particles, Δρ  is the difference in scattering length density (contrast) 

between the particles and solvent, V is the volume of particles, Ib is the flat background, 

and P(Q) is the particle form factor. The scattering vector, Q = (4π/λ) sin(θ), where λ is 

the X-ray wavelength and 2θ is the scattering angle. The hollow circular cylindrical form 

factor, similar to Aβ(16-22) nanotubes (Lu, Jacob et al. 2003), was used to fit the 

scattering data from the particles.  Figure 4.3 shows a monodisperse hollow circular 

cylinder fit to the peptide solution at pH 4.3.  Best fit to the data yields a tube with an 

outer radius of 12.7 nm and a wall thickness=3.8 nm, while the length is too large to be 

determined by the SAXS.  Therefore, the SAXS measurement is mostly constituent with 
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Figure 4.2  

TEM image of Aβ(13-21)CyCy.  

Aβ(13-21)CyCy was dissolved in 25 mM MES to make final peptide concentration 0.3 

mM with pH adjusted to pH 4.3. Scale bar, 250 nm. 
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Aβ(13-21)CyCy self-assembled into peptide nanotubes with a highly homogeneous outer 

radius and wall thickness (Figure 4.3). 

pH dependence of nanotube formation 

 Aβ(13-21)CyCy (0.3mM) was allowed to assemble in 25 mM MES buffer across 

a range of pH values.  As shown in the TEM images in Figure 4.4, little assembly occurs 

at low pH, however at pH 3.3 and 4.3, in the range of the expected pKa of cytosine, 

Aβ(13-21)CyCy rapidly forms large homogenous hollow tubes seen with the Zn2+-

induced assembly of the native peptide. At pH 5.5, the assembly is more heterogeneous 

with the appearance of more typical 10 nm fibrils and ribbons. This pH dependent 

morphology is consistent with the hyphothesis that around the pKa of cytosine, a third 

hydrogen bond will form between two nucleobases and futher stabilize the sheet/sheet 

lamination to direct formation of tubular structures instead of filbrils.  Aβ(13-21)CyCy 

also forms tubes at higher pH, pH 6-8, however, the tubes are not stable under these 

conditions and tends to precipitate over time. 

 

Thermodynamic stability of Aβ(13-21)CyCy tubes 

 The thermodynamic stability of the Aβ(13-21)CyCy mature nanotubed was 

evaluated by CD.  0.3 mM of the tube solution was heated from 20 °C to 80 °C at 2 

°C/min and spectra were recorded every 2 °C (Figure 4.5A).  The spectra showed that the 

CD signal gradually weakened as the temperature increased.  Since ellipiticity at 270 nm 

is representative of the transition dipole of cytosine base, we plot the ellipiticity change 

over temperature change at this wavelength. 
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Figure 4. 3  

Small angle x-ray scattering (SAXS) measurement for Aβ(13-21)CyCy. 

Small angle x-ray scattering (SAXS) and the tubular form factor fits (red) of 0.3 mM 

Aβ(13-21)CyCy assemblied in  25 mM MES buffer at pH 4.3. The data was fit by using 

the form factor for a hollow cylinder. 
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Figure 4.4  

TEM images of Aβ(13-21)CyCy  assembled at different pH. 

TEM images of Aβ(13-21)CyCy (0.3 mM) assembled in 25 mM MES buffer at pH: A, 

pH=2.0; B, pH=3.3; C, pH=4.3; D, pH=5.5 (scale=200 nm).  
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Figure 4.5  

Aβ(13-21)CyCy nanotubes thermal stability monitored by CD.  

The intensity of the ellipiticity at 207 nm and 270 nm gradually decreased with increased 

temperature, showing the melting temperature at 72.0 °C. 
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 Plot of the ellipiticity at 270 nm showed a clear sigmoidal dependence and a 

melting temperature at ~72.0 °C (Figure 4.5 B, C).  The melting process however was not 

reversible, and this lack of reversibility was also observation in Aβ(16-22) self-assembly 

(Lu, Jacob et al. 2003).   

 Previous temperature-dependent studies of alanyl PNA self-pairing showed 

intensity decrease of Cotton effect in CD spectra is correlated with UV melting curve, 

which indicated the disassociation of base-pairing between alanyl PNA strands 

(Diederichsen and Schmitt 1996). Similar CD intensity decrease at 270 nm was observed 

in Aβ(10-21)CyCy as the temperature increased, which suggested base pairing between 

cytosine moieties through the lamination dimension.   

X-ray diffraction and Electron Diffraction suggest cross-β peptide arrays  
 
 As for amyloid fibrils, a “cross-beta” pattern has been observed in amyloid fibrils 

formed by many proteins with different sequence and therefore implying a common 

structure feature. That is, X-ray diffraction revealed reflections at 4.7 Å and 10.6 Å 

corresponds to the distance between peptide strands in the H-bonding direction within the 

sheet and between laminated sheets (Kirschner, Abraham et al. 1986; Inouye, Fraser et al. 

1993; Serpell, Berriman et al. 2000).  

  Lyophilized Aβ(13-21)CyCy nanotubes with Na2SO4 alignment was used for 

structure study.  Diffraction data obtained by the powder diffractometer (WAXS) at 

Argonne National Laboratory revealed several bands: 3.4 Å, 3.7 Å, 3.8 Å, 4.6 Å and 10.3 

Å (Figure 4.6).  The sharp peaks at 3.4 Å, 3.7 Å and 3.8 Å in the samples correspond 

mostly to the Na2SO4 crystallites.  The two broad peaks corresponding to a cross-beta 

diffraction pattern of amyloid type peptide assembly.  The d spacings are 4.6 Å and 10.3 
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Å.  Comparing to the supernatant curve, the stronger intensity of the precipitate curve 

suggested that majority of the self-assembled structures have been spun down through 

centrifugation. Consequently, though nanotubes show remarkable morphological 

difference from fibrils, they possess the same cross-β structures.  

 The observation by WAXS was confirmed by electron diffraction. Electron 

diffraction on a Na2SO4 aligned nanotubes revealed the typical amyloid cross-β signature 

at 4.7 Å (Figure 4.7) Eight different spacings were observed in the electron diffraction 

pattern: d1= 4.7 Å, d2= 3.9 Å, d3= 3.6 Å, d4= 2.8 Å, d5=2.4 Å, d6=2.3 Å, d7=1.9 Å and 

d8=1.8 Å.  Among these reflections, d5 was assigned as the harmonic of d1, and d6 was 

assigned as second harmonic of d1.  Reflections at d2, d3 and d4 were assigned to 

Na2SO4, d7 and d8 was assigned to harmonic of d2 and d3 respectively.   No spacing 

larger than 10 Å was probed due to the shorter wavelength of electrons compared to the 

X-ray beam. The overall diffraction pattern was similar to that reported for previous 

aligned amyloid fibrils (Makin, Serpell 2004).   

 

Test for Cy/Cy Association 

 The model for nanotubes formed by Aβ(13-21) with Zn2+ incorporation and 

Aβ(16-22) suggested that the peptide nanotubes result from dramatic stabilization of β-

sheets lamination (Lu, Jacob et al. 2003; Dong, Shokes et al. 2006).  As indicated by the 

Molecular Dynamic simulation, cytosine bases on two adjacent β strands of two adjacent 

β-sheets could interact with each other to stabilize the sheet-sheet lamination. To test this 

hypothesis, single Cy substitution, Aβ(13-21)H13Cy or Aβ(13-21)H14Cy, was prepared 

for study.  If the Cy/Cy association occurs along the lamination direction, the single Cy  
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Figure 4.6 

Wide Angle X-ray Scattering (WAXS) of Aβ(13-21)CyCy 
 
Sample of 1.5 mM Aβ(13-21)CyCy was incubated in 25 mM MES at pH 3.3, the 

maturation of the sample was monitored by CD.  Na2SO4  solution was added to the 

peptide solution and making final Na2SO4 concentration as 20 mM.  The solution was 

centrifuged.  The supernatant was separated from the precipitate and lyophilized. In the 

WAXS fitting curve, the peaks correlated to Na2SO4 crystalline phases are 3.8 Å, 3.7 Å 

and 3.4 Å.  The peaks correlated to the peptide cross β structure are 10.3 Å and 4.6 Å.  
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Figure 4.7 

Electron Diffraction Pattern of Aβ(13-21)CyCy nanotube bundles. 
 
The mature Aβ(13-21)CyCy nanotubes were bundled by sulfate ions and deposited on a 

TEM grid.  The numbers on the arcs indicate the calculated d-spacings (Å). 
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substitution would not be sufficient to stabilize the sheet-sheet lamination and therefore 

disrupt nanotube structure. If the Cy/Cy association occurs along the β-sheet hydrogen 

bonding direction, the single Cy substitution would not affect sheet lamination and 

therefore would not affect nanotube structure. Under the same solution and pH 

conditions, Aβ(13-21)H13Cy or Aβ(13-21)H14Cy gives only fibrils and no larger 

assemblies (Figure 4.8).  This suggests cytosine moiety is required at both 13 and 14 

position.  The hydrogen bonding interaction between the side chain nucleobase pair 

should occur along the sheet lamination direction. Lack of tubular structure in the 

assembly of H13Cy and H14Cy supports this view that the inter-sheet nucleobase 

interaction is the key for nanotube formation. 

 

Free N-termnus plays a role in stabilizing the Aβ(13-21)CyCy Nanotubes 

 Study of N-termnus of Aβ(16-22) suggested that exposure of the positive charge 

is essential for nanotube assembly, and burial of the positive charge would destabilize the 

structure (Lu, 2005).  To further investigate the importance of the N-terminal charge on 

nucleobase incorporated nanotube assembly, the peptide N-terminus was acetylated, 

leaving only two possible sites for protonation, the two cytosine bases, under these acidic 

conditions.  

 Immediately after dissolved of Ac-CyCyQALVFFA-NH2 at 0.3mM concentration 

at room temperature, the CD spectrum showed similar Cotton effect as NH2-

CyCyQALVFFA-NH2, with negative ellipiticity at ~195 nm, and positive ellipiticity at 

207 nm and 270 nm (Figure 4.9A). However, the CD intensity is less than the free N-

termini Aβ(13-21)CyCy, which may associate with less assemblies in the solution.  IR 
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Figure 4.8  

TEM image of Single Cy incorporation in Aβ (13-21).    

Each peptide (0.3 mM) was dissolved in 25 mM MES buffer. Aβ (13-21)H13Cy: A: pH 

3.3, B: pH 4.3 and C: pH 5.5. Aβ (13-21)H14Cy: D: pH 3.3, E: pH 4.3 and F: pH 5.5. 

Scale: 250 nm. 
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Figure 4.9 

Secondary structure of Aβ(13-21)CyCy (Ac-CyCyQALVFFA-NH2) monitored by 

CD and FT-IR.  

(A) 0.3 mM NC-Aβ(13-21)CyCy  in H2O. Secondary structure of monitored by CD 

(B) Mature nanotube of NC-Aβ(13-21)CyCy was pelleted and lyophilized. Secondary 

structure of Aβ(13-21)CyCy monitored by FT-IR  
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analysis confirmed that the assemblies formed by N-terminus capped congeners maintain 

the β-sheet structure, with the diagnostic amide I transition at 1633 cm-1 (Figure 4.9B).   

 TEM analysis revealed nanotubes with width of 36 ± 1 nm (Figure 4.10A), and a 

contour length range from 5 μm to 15 μm.  The dark line in the contour has been a 

characteristic feature of these peptide nanotubes (Lu, Jacob et al. 2003), suggesting the 

hollow properties being visualized by the negative uranyl acetate staining.  Over time, the 

short nanotubes disappeared and long, thin fibril like structure formed (Figure 4.10B). 

After 20 days at room temperature, the majority of the species revealed by TEM were 

long-twisted fibrils (Figure 4.10C). By contrast, the nanotubes formed by the NH2-

Aβ(13-21)CyCy (at pH 3.3 or pH 4.3) were stable for at least one year at room 

temperatue. SAXS measurement was best fit to peptide nanotubes with outer radius of 

16.7 nm and wall thickness of 5.1 nm (Figure 4.11).   The low amplitude of the 

experiment curve may result from the lower nanotube content in the solution as compared 

with its free-N termni counterpart.  

 Single Cy substitution, Ac-HCyQALVFFA-NH2, or Ac-CyHQALVFFA-NH2, 

under the same solution and pH conditions, give only fibrils and no larger assemblies 

(Figure 4.11). This result is consistent with N-terminus free Aβ(13-21)H13Cy or Aβ(13-

21)H14Cy which lacks the ability to form nanotubes and further support the argument 

that the cytosine moiety is required at both 13 and 14 position.  The inter-sheet 

nucleobase interaction is the key for nanotube formation. 
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Figure 4.10 

TEM of Aβ(13-21)CyCy (Ac-CyCyQALVFFA-NH2) overtime.  

Sample of 0.3mM peptide in H2O incubated at room temperature. A. 0hr sample; B. 10 days sample; C, 20days sample. 

 
 

               

 

 



Figure 4. 11 

Small angle x-ray scattering (SAXS) and the tubular form factor fits (red) of Aβ(13-

21)CyCy (Ac-CyCyQALVFFA-NH2) assemblied in H2O. 

Small angle x-ray scattering (SAXS) and the tubular form factor fits (red) of 0.3 mM 

Aβ(13-21)CyCy assemblied in  H2O at room temperature. The data was fit by using the 

form factor for a hollow cylinder. 
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Figure 4.12  

TEM image of Single Cy incorporation in Aβ (13-21) (Ac-CyCyQALVFFA-NH2)    

A. 0.3mM Aβ (13-21)H13Cy in H2O at room temperature;  

B. 0.3mM Aβ (13-21)H14Cy in H2O at room temperature.   
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 Aβ(13-21)CyCy Nanotube Acts as templates for metal deposition  

 The uniqueness of the nanotube formed by Aβ(13-21)CyCy arises from its tubular 

structure and the inherent subtlety in the structure, which is the cytosine base  

arrangement in the nanotubes. Since the nanotubes are composed of laminated β-sheets 

and possess cross-β structures, the arrangement of cytosine base in the nanotube probably 

follows certain repeat pattern or arrays.  This nucleobase arrangement pattern along with 

the nano-scale dimension, the high thermal stability make the nucleobase modified 

peptide nanotubes a very unique material with promising applications.  As described in 

Chapter 3, Ag+ has strong affinity for GC rich DNA.  I tested the possibility of growing 

silver nanoparticles with Aβ(13-21)CyCy as templates.  The silver nanoparticles were 

generated following the same procedure described in Chapter 3.  In figure 4.13A some of 

the nanotubes were completely covered with Ag nanoparticles, while some of them were 

barely covered.  On the same grids, large aggregations of individual Ag particles were 

also observed (Figure 4.13A).  The coexistence of continuous Ag-coated structures 

(Figure 4.13B) and barely coated structure could be explained in two ways. One 

possibility is due to the self-nucleation of silver nanoparticles as reported for Pd 

nanoparticles (Fu 2003).  The other plausible explanation is that since Ag+ has strong 

affinity for cytosine base, the different degree of silver nanoparticle coverage probably 

reflect the degree of exposure of cytosine on the nanotube surface are different. In some 

nanotubes, the majority of cytosine base are exposed on the surface, while for others, the 

majority of cytosine base are buried inside.  The reason account for this phenomenon 

remains unclear and studied are undergoing.  By adjusting the AgNO3 
concentration,  
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Figure 4.13 

TEM image of Silver Nanoparticles binding on Aβ (13-21)CyCy Nanotubes (NH2-

CyCyQALVFFA-NH2).    

A. 0.3mM Aβ (13-21)CyCy in 25mM MES at pH3.3. Ag+: peptide concentration ratio of 

10:1.  Once the Ag+ was mixed with peptide solution, equal molar of NaBH4 to Ag+ was 

added into the solution reducing the Ag+ to nanoparticles. 

B. Enlargement image of one peptide nanotube covered with silver nanoparticles. 

 

       

                              A                                                                    B 
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the reducing time and reducing reagent concentration, it is possible to control the coating 

density and manufacture silver nanowires.  

 

 

 

DISCUSSION 

 Aβ(13-21)CyCy forms homogeneous peptide nanotube under acidic conditions 

through rational design. The shortening of peptide length from Aβ(10-21) simplify the 

amphiphilic pattern of the peptide sequence and remove the defects or disorders in the 

assembled structure, resulting in the large extent lamination and nanotube structure as 

Aβ(16-22) does. The self-assembly rate of Aβ(13-21)CyCy depends on the solvent, pH 

and temperature.   

 The ability of forming nanotubes by acetyl capped Aβ(13-21)CyCy suggested that 

although N-terminus charge plays an important role in stabilizing the nanotubes in 

solution, it is not the determinant factor of nanotube formation. Instead, the Cy/Cy 

association is crucial for the nanotube structure formation.  The transition from nanotubes 

to fibril of N-termini capped Aβ(13-21)CyCy suggest although amyloid fibrils and 

ribbons/nanotubes are morphologically distinct, they are cable of interchanging 

morphologically. 

 The uniqueness of the nanotube formed by Aβ(13-21)CyCy arises from its tubular 

structure and the inherent subtlety in the structure, which is the cytosine base  

arrangement in the nanotubes. Since the nanotubes are composed of laminated β-sheets 

and possess cross-β structures, the arrangement of cytosine base within the nanotube is 
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probably highly ordered.  This nucleobase arrangement pattern along with the nano-scale 

dimension, the high thermal stability make the nucleobase modified peptide nanotubes a 

very unique material with promising applications.  Such robust and homogenous self-

assembling nanotubes with nucleobases at the terminus may offer a unique functionalized 

and easily accessible scaffold for nanotechnology. Further characterization on the 

structure will be essential to understand the self-assembly process of ordered 

nanostructure and extend the applications.   

  

 

 

MATERIALS AND METHODS 

Synthesis and Purification of Aβ(13-21)CyCy Congeners 

 Aβ(13-21)CyCy, NH2-CyCyQALVFFA-NH2, with the N-terminus leaving free 

and the C-terminus capped, was synthesized following the protocol described in chapter 

2. Cy13, Cy14, Gln15 and Ala16 were double coupled.  The peptide was then purified 

using a Waters Delta 600 HPLC with Zorbax 300SB-C18 preparative HPLC column 

(21.2mm x 25cm) and eluted at 15 mL/min, room temperature with a linear gradient from 

H2O/MeCN (9:1) with 0.1% TFA to H2O/MeCN (3:2) with 0.1% TFA over 30min. 

Aβ(13-21)H13Cy and Aβ(13-21)H14Cy were prepared following the same protocol. The 

product was confirmed by MALDI-TOF mass spectral analysis: Aβ(13-21)CyCy 

(MALDI: [M+2H+] 1155.39, cal: [M+H+] 1153.27). Aβ(13-21)H13Cy (MALDI: [M+H+] 

1111.68, cal: [M+H+] 1111.26).  Aβ(10-21)H14Cy (MALDI: [M+H+] 1111.72, cal: 
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[M+H+] 1111.26). 

 Ac-Aβ(13-21)CyCy-NH2, CH3CO-CyCyQALVFFA-NH2, with both the N-

terminus and C termini capped, was synthesized following the standard protocol except 

that .  The product was confirmed by MALDI-TOF mass spectral analysis: NC-Aβ(13-

21)CyCy (MALDI: [M+H+] 1195.78, cal: [M+H+] 1196.32). NC-Aβ(13-21)H13Cy 

(MALDI: [M+H+] 1153.77, cal: [M+H+] 1153.29).  NC-Aβ(10-21)H14Cy (MALDI: 

[M+H+] 1153.72, cal: [M+H+] 1153.29). 

Sample Preparation  

 The purified peptide was dissolved in distilled de-ionized H2O with sonication for 

10 min and centrifugation at 16,110 xg for 10 min to remove preformed aggregates.  The 

supernatant was used as the peptide stock solution.  The supernatant peptide stock was 

diluted to the desired solution conditions with 50 mM MES buffer at the required pH.  

Eventually, final peptide concentration was 0.3 mM in the presence of 25mM MES buffer 

at pH 3-7.    

Circular Dichroism Spectroscopy (CD) 

 CD spectrum was recorded at JASCO-810 CD spectropolarimeter at the indicated 

temperature. Typically, spectra between 190 nm and 290 nm were collected with a 0.1 

mm path length cell, with a step size of 0.2 nm and a speed of 100 nm/s.  Three spectra 

were recorded for each sample and averaged automatically.  

 Melting curves were obtained by starting temperature is 20 ºC and ending 

temperature is 90 ºC. The temperature is raised at 2 ºC/min and equilibrium time 30 s. 

Three spectra were recorded for each sample and averaged automatically.  
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FT-IR Spectroscopy 

 Mature peptide nanotubes were aligned with 20 mM Na2SO4 solution, centrifuged 

at 16,110xg for 30 min, then the supernatant was removed and precipitate was 

lyophilized to dryness.  The dried powder was mixed with KBr and pressed into a pellet 

for IR analysis. IR spectra were collected on a Nicolet MAGNA-IR 560 Spectrometer 

instrument operated at 2 cm-1 resolution. 100 scans were averaged to obtain a spectrum 

and KBr background was deducted from each sample measurement.  

Transmission Electron Microscopy (TEM)  

 8 μL of the peptide solution was put on carbon-coated 200 mesh copper grid 

(Electron Microscopy Science, Hatfield, PA), allowed to settle for one minute, and  

excess solution was wicked away with filter paper.  Then, 2% uranyl acetate solution as a 

negative staing reagent was applied to the grid for 1 minute and wicked away as above.  

All samples were stored in a desiccator before analysis.  Electron micrographs were 

obtained using Hatachi Hitachi H-7500 transmission electron microscope operating at 75 

kV in the Neurology Microscopy Core Laboratory or the IMMF at department of 

chemistry. 

Small Angle X-ray Scattering (SAXS)  

 SAXS experiments were carried out at room temperature on the 12-ID beam-line 

of Argonne National Laboratory's Advanced Photon Source (APS). Data were collected 

using a 15 cm × 15 cm, high-resolution, position-sensitive, nine element-tiled, CCD 

mosaic detector and exposure time was approximately 0.5 seconds for each measurement. 
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Typically, five successive measurements were recorded for each sample and then 

averaged to obtain a final scattering profile. Sample to detector distance was ~2 m and 

energy of X-ray radiation was set to 12 keV.  A Biologic SFM 400 stopped-flow 

apparatus with a 1.0 mm diameter cylindrical quartz capillary of 0.01–0.02 mm wall 

thickness was mounted at the beam-line.  About 100 μl peptide solution was delivered 

into the quartz capillary and exposed to the X-ray beam. Samples were measured under 

constant gas flow conditions to reduce potential radiation damage.  No evidence of 

sample changes was seen over the time interval of exposure.  The measurement of each 

sample was preceded by a measurement of the same buffer solution used in protein 

sample preparation.  The buffer measurements provided a check on beam properties and 

the cleanliness of the sample cell between sample measurements as well as the means for 

background subtraction.  

 Data Analysis. The SAXS data were reduced following routine procedures at 12-

ID and the analysis of the data were carried out using the macros developed on Igor Pro 

platform at the Intense Pulsed Neutron Source, Argonne National Laboratory.  The 

reduced data were averaged over the 10 measurements for further analysis in Igor Pro. 

Small angle scattering intensity, I(Q), can be described by 

 

I(Q) = I0 n (Δρ)2 V2 P(Q) + Ib     

                                                                                                                                                                              ----- Eq. 4-1 
 

for a dilute system of scattering particles where I0 is an instrument constant, n is the 

number density of particles, Δρ is the difference in scattering length density (contrast) 

between particles and solvent, V is the volume of particles, Ib is the flat background 
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intensity, and P(Q) is the particle form factor. Q is the momentum transfer given by 

Q = (4π/λ) sin (θ/2) where λ is the neutron or x-ray wavelength and θ is the scattering 

angle. Several models were investigated, but only P(Q) for hollow cylindrical particles 

accurately fit the data. 
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                                                                                                                   ----- Eq. 4-2 
 
 Here R1 is the outer radius, R2 the inner radius; H the height of the cylinder and 

J1(x) is the Bessel function of the first order.    

Powder Diffraction (or Wide Angle X-ray Scattering, WAXS) 
 
 Powder samples in 1.5mm diameter quartz capillary tubes were measured at the 

same facility of SAXS at Argonne National Laboratory's Advanced Photon Source 

(APS). with a shorter camera length and X-rays with E = 18 keV.  The peaks in the plot 

I(Q) versus Q are related to real-space distance d by the relation d=2π/ Q .  While intense, 

sharp and narrow peaks imply high degree of repetition, the weak and broad peaks relate 

to a low degree of repetition of the corresponding length scale.  Mature peptide nanotubes 

were aligned with 20 mM Na2SO4 solution, centrifuged at 16,110xg for 30 min, then the 

supernatant was removed and precipitate was lyophilized to dryness.  The dried powder 

was used for powder diffraction measurement. 

Electron Diffraction 

 Mature peptide nanotubes were bundled with 10 mM Na2SO4 solution.  An aliquot 

(8 μl) of the solution was applied to TEM grids, allowed to settle for one minute, and  
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excess solution was wicked away with filter paper.  The diffraction pattern was recorded 

by a Philips 410 transmission electron microscope under the diffraction mode.  The d-

spacing was calculated by d=λL/R, where R represents the distance from the central 

bright spot to one of the rings, L represents the camera length and λ is the wavelength of 

the electron (80 kV: 0.00435 nm).  The instrument camera length was calibrated using the 

aluminum polycrystalline standard (purchased from Electron Microscopy Science).  The 

instrument camera length was calculated to be 720 mm.  
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CHAPTER 5 
 

STRUCTURAL CHARACTERIZATION OF NANO-TUBES BY 
ISOTOPE-EDITED IR AND SSNMR 

 
 
 

INTRODUCTION 
 

   Aβ(13-21)CyCy can self-assemble into nanotubes, and specific structure 

changes in the peptide highlighted the importance of inter-sheet contacts in nanotube 

formation.  Although CD spectra of the nanotube appear did not appears representation of 

typical β-sheet secondary structure, IR analyses have suggested that the peptides are 

oriented β-sheets in the nanotubes. In addition, X-ray diffraction shows the same cross-β 

structure as amyloid fibrils. As the nucleobases decorated amyloid peptide nanotubes 

have potential applications as a novel bio-material, understanding the structure of this 

assembly at a molecular level would be essential. Therefore, several structural questions 

need to be addressed:  

            1. What is the peptide orientation/position within a sheet?  

            2. What is the driving force defining sheet lamination, and 
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            3. Energetically, what controls the pathway forwards self-assembly?  

             Due to the para-crystalline and insoluble nature of amyloid, these assemblies are 

not suitable for structural characterization by X-ray crystallography or solution NMR, the 

two principal approaches to biomolecular structure determination. As alternatives, 

isotope-edited IR (IE-IR) and solid-state NMR (ss-NMR) methods are frequently applied 

recently to define the structural models for amyloid peptide assemblies.   

Infrared spectroscopy is a powerful tool for analyzing the secondary structure of 

proteins and peptides.  Recent advance in FT-IR spectroscopy has shown more detailed 

local structure information can be obtained by using isotope labeling approach.  When an 

isotope label is introduced into the peptide backbone, the isotope-induced shift can be 

calculated using a simple harmonic oscillator model (where k is the force constant and μ 

is the reduced mass):   

 
 

The increased mass of an isotope label causes a shift of absorption frequency to lower 

wavenumbers, isolates the individual vibration and thus yields accurate structural data on 

the labeled site.  Isotope-edited IR technique has been applied to locate the β-sheet 

organization and the alignment of residues within the β-sheet in amyloid proteins 

(Halverson, Sucholeiki et al. 1991; Silva, Barber-Armstrong et al. 2003; Hiramatsu, Goto 

et al. 2005).  As for the 13C label incorporation, the carbonyl amide I band shifts to lower 

frequency while the remaining 12C carbonyl amide I shifts to a higher frequency. The 

magnitude of 13C carbonyl stretch shift depends on the coupling efficiency, the more 

strongly the β-sheet regions are coupled, the more significant the shift to higher 
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frequency.  An anomalous intensity increase of the 13C carbonyl stretch is often observed 

in the anti-parallel β-sheet arrangement; such anomalous intensity increase is not obvious 

for parallel β-sheet arrangement (Brauner, Dugan et al. 2000; Kubelka and Keiderling 

2001; Paul, Wang et al. 2004).  

  

 
RESULT 

 
Isotope Edited FT-IR 

 To probe the peptide arrangement within β-sheet,  isotope-edited IR (IE-IR) 

technique is applied.  Three 1-13C labeled Aβ(13-21)CyCy peptides were characterized 

respectively, [A16, 1-13C], [L17, 1-13C], and [V18, 1-13C] (Figure 5.1).  The amide I bond 

split into two distinct transitions with 13C band shift to lower frequency while the residual 

12C carbonyls shift to higher frequency.  All of the 1-13C labels showed weak absorption 

intensities around 1610-1605 cm-1, and 12C carbonyls shift to 1638-1641 cm-1.  For 

instance, the 1-13C label on Leu17 residue absorbs at 1606 cm-1 and the absorption 

maximum of 12C carbonyl shifts from 1635 to 1641 cm-1.  [L17, 1-13C]-Aβ(13-21)K16A 

amyloid fibrils, with 1-13C  carbonyl absorbs at 1605 cm-1 and the absorption maximum 

of 12C carbonyl shifts from 1628 to 1637 cm-1, and this peptide has been confirmed by 

SSNMR to be a parallel in-register beta sheet arrangements.  [L17, 1-13C]-Aβ(13-

21)K16A also shows a weak 13C absorption intensity, while [L17, 1-13C]-Aβ(16-22), only 

two amino acids shorter than Aβ(13-21)K16A but forming amyloid fibrils with an anti-

parallel in-register β sheet structure, shows an anomalous increase in the intensity of the 
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Figure 5.1.  

Isotope-edited FTIR of Aβ(13-21)CyCy.  

Spectra of Aβ(13-21)CyCy nanotubes as KBr pellets with Red: unlabeled, Green: [16-

13C]-Ala, B

 

lue: [17-13C]-Leu, Black: [18-13C]-Val  IR. 
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13C peak (ref).  These observations suggest that Aβ(13-21)cc-NH2 assembled as a parallel 

β-sheets. 

 

 Peptide Organization Study by Solid-state NMR 

 Further characterization of peptide organization in the nanotube was conducted by 

using solid state NMR (SSNMR).  Standard solid-state NMR techniques such as REDOR 

and DRAWS can measure 13C-15N distances up to 5Å and 13C-13C distances of 5Å.  The 

nanotubes formed by Aβ(13-21)CyCy in 25mM MES buffer at pH4.3 were analyzed by 

13C{15N} REDOR experiment which directly measures the distance between selected 13C 

and 15N isotopes in Aβ(13-21)CyCy.  The sample was prepared by mixing two peptides 

of Aβ(13-21)CyCy, labeled with [15N]A16-[1-13C]F20 and [3-13C]A16 respectively, at 

1:1 molar ratio.  This labeling scheme was designed to distinguish parallel in-register 

versus antiparallel out-of-registry arrangement (either one, two or three residue shift) in a 

single 13C{15N} REDOR experiment (Figure 5.2).  If the peptides are parallel in-register 

β along one sheet, [3-13C]A16 (methyl carbon) and [15N]A16 are proximal (Figure 5.2 A, 

left).  While in an anti-parallel two residue shifted orientation, [15N]A16 and [1-13C]F20 

are directly hydrogen bonded (Figure 5.2 A, right).    

 The REDOR experiment measures the heteronuclear dipolar coupling by applying 

two π-pulses in each rotor cycle to dephase rotational echoes.  The REDOR experiment 

consists of the full-echo spectrum and the dephased (S) spectrum.  Using 13C-15N as an 

example, in the S spectrum, the heteronuclear dipolar coupling is reintroduced by 

applying π-pulses on the 15N channel.  In the 13C{15N} REDOR difference spectrum, ΔS, 

the distance between  13C and 15N nuclei is obtained through calculating the difference in 
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signal intensity of a 13C spectrum with and without 15N π-pulses.  As shown in the 13C 

full-echo spectrum of Aβ(13-21)CyCy (Figure 5.2B, bottom), the resonance at 20ppm 

and 170ppm was assigned to [3-13C]Ala and [1-13C] Phe respectively.  In Figure 5.2B, 

both [3-13C]Ala and [1-13C]Phe appear in the ΔS specturm, suggesting both [ 3-13C]Ala16 

and [1-13C]Phe are proximal to [15N]A16.  The [3-13C]A16-{15N}A16 REDOR dephasing 

curve was fit either as a parallel in-register arrangement, with 5.6Å and 5.5Å for the 

distances between [3-13C]A16 and [15N]A16 and a 15N-13C-15N angle of 129° (Figure 

5.2C, solid red line and Figure 5.2D); or a parallel one residue out of register arrangement, 

with 7.2Å and 4.9Å for the distances between [3-13C]A16 and [15N]A16 and a 15N-13C-

15N angle of 111° (Figure 5.2C, solid black line and Figure 5.2E).  As scanning time 

increased, fitting of the dephasing curve suggested parallel one residue out of register 

arrangement was more plausible.  The [1-13C]F20-{15N}A16 REDOR dephasing curve 

was fit to an anti-parallel two residue out of register arrangement, with 4.2Å and 5.5Å for 

the distances between [1-13C]F20 and [15N]A21 and an 13C-15N-13C angle of 155° (Figure 

5.2F, solid black line and Figure 5.2G).   Fitting of REDOR dephasing curve also indicate 

59% of the peptides of the self-assembled structure in the SS-NMR sample adopt parallel 

arrangement while 41% adopt anti-parallel arrangement. 

 TEM images of the ssNMR sample showed that some fibrils coexist with the 

nanotubes (Figure 5.3), therefore sample heterogeneity accounts for the SSNMR results, 

that is, the nanotubes adopt one peptide orientation and the fibrils adopt the other peptide 

orientation.  The reason for the heterogeneity of the sample most probably is related to 

the sample preparation.  In comparison with the non-isotope labeled Aβ(13-21)CyCy 
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Figure 5.2 13C{15N} REDOR spectra and dephasing curves of Aβ(13-21)CyCy 

A. Schematic representation of the relative position of [3-13C]A16 and [1-13C]F20 labels 

(yellow) to [15N]A16 label (blue) in parallel in-register (left) and anti-parallel two 

residue out-of-registry (right) arrangements.  Red, oxygen; grey, carbon; light blue, 

nitrogen; green line, backbone hydrogen bonding; white line, detectable distance 

between 13C and 15N isotopes. 

B. 13C{15N} REDOR NMR spectra at 392 Tr for Aβ(13-21)CyCy, formed by mixing 

two isotopic labeled peptides, [15N]A16-[1-13C]F20 and [3-13C] A16. 

C. 13C{15N} REDOR dephasing curves for parallel arrangement of Aβ(13-21)CyCy.    

D. The fitting results of the red solid line and schematic representation of the relative 

position of [15N]A16 label (blue) to [3-13C]A16 (silver) in parallel in-register 

arrangement.  

E. The fitting results of the black solid line and schematic representation of the relative 

position of [15N]A16 label (blue) to [3-13C]A16 (silver) in parallel one residue out of 

register arrangement. 

F. 13C{15N} REDOR dephasing curves for anti-parallel arrangement of Aβ(13-21)CyCy. 
   

G.  The fitting results of the black solid line and schematic representation of the relative 

position of [15N]A16 label (blue) to [1-13C]F20 (green) in anti-parallel two residue out 

of register arrangement.  
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Figure 5.3  

TEM images of the SS-NMR sample 

A. TEM image indicated the nanotube morphology in the SS-NMR sample. Peptides 

CyCyQ[15N]ALVF[1-13C]FA and CyCyQ[3-13C]ALVFFA was mixed at 1:1 

molar ratio, dissolved in 25mM MES at pH4.3 and final peptide concentration is 

1.5 mM. 

B. TEM image indicated the fibril morphology coexisting with nanotubes in the SS-

NMR sample. Left image is the enlargement of rectangular region in the right 

image. 

A.  

  

B 
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sample, sample preparation procedure was changed to ensure that the two peptides mix 

thoroughly at 1:1 molar ratio.  Two extra steps were taken to prepare the sample.  First, 

the two peptides are dissolved seperately in 0.1%TFA solution at pH 2, under which 

condition the peptide has a random coil structure.  Then the peptide solutions were mixed 

and lyophilized.  Secondly, the mixing peptide powder was dissolved in 25 mM MES 

buffer at pH 4.3 at 4°C and then allowed to incubate at room temperature.  Temperatures 

as low as 4°C slow down the self-assembly of the peptide and therefore further 

guaranteed that the two peptides mixed well.  However, the low temperature may also 

favor fibril formation over nanotube formation and similar phenomena was observed in 

Aβ(13-21)K16A with Zn2+ addition (Xu, 2007).  

 

Probing the Cytosine Orientation by Linear Dichroism  

 Ultraviolet (UV) flow-oriented linear dichroism (LD) has been applied to study 

the structural arrangement of secondary structural elements recently. Thorough 

measuring the difference in absorbance of linearly polarized light parallel and 

perpendicular to an orientation direction, information on the orientation of transition 

dipole could be obtained (Dafforn, Rajendra et al. 2004; Rajendra, Damianoglou et al. 

2006).  If the LD signal is positive, it suggests the polarizations of the transition is more 

parallel along the direction of the orientation. If the LD signal is positive, it suggests the 

polarizations of the transition is more perpendicular to the direction of the orientation.   

 Mature nanotube formed by 0.3mM Aβ(13-21)CyCy in 25mM MES at pH4.3 was 

studied Ultraviolet ( (UV) flow-oriented linear dichroism (LD) at Clemson University.  
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Figure 5.4  
 
Linear Dichroism (LD) and Ultraviolet (UV) Spectra of  Aβ(13-21)CyCy. 

Mature nanotube formed by 0.3mM Aβ(13-21)CyCy in 25mM MES at pH4.3.  In the 

spectra of UV (red), the peak at 207nm represents amide π-π* transition and the peak at 

267 represents cytosine transition. In the spectra of LD (black), positive peak around 

207nm suggested transition dipole more parallel tube axis; negative peak at 267nm 

suggested transition dipole more perpendicular to tube axis.  
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The nanotubes were aligned by using couette flow cell.  As seen in Figure 5.4, after 

alignment of the nanotubes, two signals showed up in the LD spectra (black), positive 

signal at 207 nm suggested transition dipole are more parallel to tube axis; negative peak 

at 267nm suggested transition dipole more perpendicular to tube axis.  While in the 

spectra of UV (red), the peak at 207nm represents amide π-π* transition and the peak at 

267nm represents cytosine in-plane transition. Therefore, the hydron bonds of peptide 

backbone are more parallel to tube axis, and the bases are highly ordered in CyCy tubes   

which is more perpendicular to tube axis than parallel.  This supports the model in which 

that the bases and side chain laminates are more perpindicular to tube axis, while 

hydrogen bonds are more parallel to tube axis.   

 

 

DISCUSSION 

 Isotope edited FTIR result of Aβ(13-21)CyCy established a parallel β sheet 

arrangement of Aβ(13-21)K16A amyloid fibrils. SSNMR suggests two peptide 

arrangement patterns, a parallel β sheet organization and an anti-parallel β sheet 

organization, which probably results from the two morphologies.  As the parallel SSNMR 

result is consistent with isotope edited FTIR data, we therefore hypothesis that the 

peptides in Aβ(13-21)CyCy nanotubes are in a parallel arrangement while the peptide 

that form fibrils are antiparallel arrangement. At this point, the peptide arrangement of 

the Aβ(13-21)CyCy nanotubes has not yet been defined, and the test for this hypothesis is 

undergoing.   
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 The mutation data suggested that two cytosines are required to direct nanotube 

formation.  Linear Dichroism indicated the hydron bonds of peptide backbone are more 

parallel to tube axis, and the bases are highly ordered in CyCy tubes which is more 

perpendicular to tube axis than parallel.  As a result, the most likely place where Cy13 

and Cy14 are in close proximity is along the lamination dimension.  Therefore, we 

propose a model that the Aβ(13-21)CyCy nanotubes share a similar three-demensional 

architecture with the Aβ(13-21)CyCy fibrils and only the degree of lamination is 

significantly different, and the increased lamination model of Aβ(13-21)CyCy nanotube 

is consistent with  the models of Aβ(16-22) nanotubes and Aβ(13-21) ribbons.  In this 

model, cytosine base interaction is along β sheet lamination direction and stabilizes β− 

sheet lamination, inducing significant lamination growth and morphology of nanotubes 

(Figure 5.5A).  According to isotope edited FT-IR and SSNMR measurement, the 

peptides in the nanotubes probably adopt the parallel one residue out of register 

arrangement.  Therefore, cytosines orienting on one ends of laminated sheets.  When the 

laminated sheets coil up forming nanotube, cytosines expose only on one face of the tube.  

The cytosine side-chains are perpendicular to the β−sheet hydrogen bonding direction 

based on LD measurement, along with the MD simulation and mutation study, the Cy/Cy 

association are along the lamination dimension.  The fibrils in the SSNMR sample 

probably adopt the anti-parallel two residues out of register arrangement, cytosines orient 

on both ends of laminated sheets (Figure 5.5B).    

 

 

 



Figure 5.5 
 
Models of Nanotubes formed by Aβ(13-21)CyCy 
 
A. Three dimensional architecture of peptide nanotubes.  Left, β−sheets consisting of peptides with parallel one residue out of register 

arrangement are packed through side-chain/side-chain interactions along the lamination dimension (Blue, Cy; red, the other amino 

acids).  The cytosine side chains are along the lamination dimension; right, the peptide nanotubes. 

B. Three dimensional architecture of peptide fibrils.  Left, the peptide fibrils; right, β−sheets consisting of peptides with anti-parallel 

two residues out of register arrangement are packed (Blue, Cy; red, the other amino acids).  The cytosine side chains are along the 

lamination dimension. 
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MATERIALS AND METHODS 
  
FT-IR Spectroscopy 

 Isotope edited FTIR was performed on 13C labeled peptides, Aβ(13-21)CyCy[-

A16, 1-13C], Aβ(13-21)CyCy[L17, 1-13C] and Aβ(13-21)CyCy[F20, 1-13C].  The isotope 

labeled peptide was synthesized by standard Fmoc peptide protocol.  The sample solution 

was prepared following the same procedure as the non-labeled peptides.  After 

maturation, mature peptide nanotubes were aligned with 20mM Na2SO4 solution, 

centrifuged at 16,110xg for 30 min, then the supernatant was removed and precipitate 

was lyophilized.  The dried powder was mixed with KBr as a pellet for IR analysis.  KBr 

background was deducted from each sample measurement.  IR spectra were collected on 

a Nicolet MAGNA-IR 560 Spectrometer E. S. P. instrument operated at 2 cm-1 resolution. 

100 scans were averaged to obtain a spectrum.  

  

Solid-State NMR experiments (SSNMR) 

SSNMR spectroscopy: 13C observe, 15N dephase REDOR (Gullion, 1988) NMR 

measurements were made on a Bruker Avance 600 MHz spectrometer operating with a 

13C frequency of 150.8 MHz and 15N frequency of 60.3 MHz.  All spectra were collected 

with a Bruker triple resonance probe. 13C Magnetization was prepared by 2ms 1H-13C 

cross-polarization with a 50 kHz 13C spin-lock pulse and a linear ramp on the 1H spin-

lock pulse from 50 kHz to 70 kHz.  To compensate for pulse imperfections and 13C 

homonuclear recoupling, 15N π pulse were applied every half-rotor period and xy8 phase 

cycle (Gullion 1990). A single 13C pulse was applied downed the middle of the REDOR 
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evolution period (single pulse REDOR).  13C π Pulse widths were of 6μs and 15N π pulse 

widths were 10.4 μs.  EXORCYCLE phase cycling of the 13C Hahn-echo refocusing 

pulse (Rance, 1983, Sinha 2004) and 95 kHz Spinal64 (Fung, 2000) and 1H decoupling 

are used. Magic-angle spinning frequency was 10 kHz ± 2Hz.  The exit temperature of 

the cooling and spinning air was kept below -1o C to ensure that magic-angle spinning 

and RF heating did not denature the samples.  1H-13C and 1H-15N Cross-polarization 

spectra were taken before and after the REDOR experiment to ensure that the sample did 

not change.  Peak integrals of the labeled carbon center band were used to provide the 

experimental REDOR data points.  The error was calculated using the noise of each 

spectrum as the maximum deviation and multiplied by the square root of the number of 

points in the integral.  The error bars on the experimental REDOR points represents 3 

standard deviations. 

 Room temperature 13C{15N} REDOR results for [1-13C,15N] glycine were 

obtained, which was diluted 10:1 with natural abundance glycine.  The calculated 

REDOR dephasing curve was calculated using the formula of Mueller (Mueller, 1995) 

and includes a correction for the natural abundance glycine carbonyls which do not 

dephase as they are not near an 15N. To match the x-ray determined distance between 1-

13C and 15N for single-pulse REDOR, a scaling factor of 0.706 must be applied to the data 

to account for the imperfect 13C and 15N π pulses.  With this scaling factor, the REDOR 

determined 13C-15N internuclear distance is 2.5 Å ± 0.1 Å, which compares well to the x-

ray determined distance of 2.49 Å (Marsh, 1958).  This scaling factor was applied to the 

rest of the calculated REDOR curves.  To ensure that this scaling factor did not change, 

13C{15N} REDOR measurements were made on the diluted [1-13C,15N] glycine sample 
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before and after every sample measurements.  

 

Sample preparation for 13C{15N} REDOR measurements:   

Two peptides, Aβ(13-21)CyCy labeled with [15N]A16-[1-13C]F20 and [3-13C]A16 

repectively, were synthesized for SSNMR experiments.  To ensure that equal molar ratios 

of the two peptides were mixed, peptides were first incubated in 0.1%TFA aqueous 

solution at pH 2 under which condition the peptides remain random coil structure and 

25μl of the peptide was injected into HPLC analytical column.    

 The sample was prepared by mixing two peptides of Aβ(13-21)CyCy, labeled 

with [15N]A16-[1-13C]F20 and [3-13C]A16 respectively, at 1:1 molar ratio.  To ensure the 

two peptides mix thoroughly at 1:1 molar ratio, following procedures are taken.  First, the 

two peptides were dissolved separately in 0.1%TFA solution at pH 2, under which 

condition the peptide remains random coil structure.  The secondary structure was studied 

by CD.  Second, the peptide solutions were mixed and lyophilized.  Third, the mixed 

peptide powder was dissolved in 25mM MES buffer at pH 4.3 at 4 °C and then allowed 

to incubate at room temperature.  Temperature as low as 4°C slow down the self-

assembly of the peptide and therefore guarantee that the two peptides mixed well.  

Maturation of nanotubes were achieved at room temperature and confirmed by CD and 

TEM analysis.  To prepare SSNMR sample, mature tubes were pelleted and lyophilized 

to make powders.  To protect the samples from fragmentation caused by freezing and 

lyophilization (Figure 3.3B), mature fibrils were bundled and precipitated from 20 mL 

solutions by the addition of 20 mM Na2SO4.  Bundled intact nantobues after 

lyophilization were confirmed with TEM. 
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Solid-State NMR experiments (SSNMR) 

13C{15N} REDOR  calibration and curve fitting:   

The following discussion is for the [1-13C]F20 dephasing by [15N]A16, and 

similar methods were used for calculation of all 13C{15N} REDOR curves. The calculated 

REDOR curves (Goetz and Schaefer 1997) for the interstrand distances account for the 

dephasing of a single observed spin (13C) in the presence of two dephasing spins (15N), 

but do not include any 15N-15N dipolar coupling.  Therefore the calculated curves require 

two interstrand 13C-15N distances and an interstrand 15N-13C-15N angle.  For a H-bonded 

carbonyl-nitrogen spin pair, one distance will be ~ 4.2 Å and the other will be ~ 5.4 Å.  

The simulations also include a natural abundance correction for the unlabeled carbonyl 

carbons that are not close to an 15N.  These carbons will contribute to the 13C full-echo 

spectrum but not to the REDOR difference spectrum; therefore, for a 1:1 mixture the 

maximum observed dephasing will be: 

84.0
1.1)89(99

99
=

∗++  

In the above calculation, it was assumed that the 13C isotope enrichment is 99% and the 

natural abundance 13C is 1.1%.  Therefore the total 13C signal (i.e. full-echo) is a sum of 

the labeled and natural abundant 13C, and each Aβ(13-21)CyCy peptide has 9 carbonyl 

carbons.  However, the carbonyl carbons of [15N]A16 (which have a two bond 13C-15N 

distance of 2.42 Å) and of Q15 (a one bond 13C-15N distance of 1.325 Å) will also 

dephase and have a contribution to the REDOR difference spectrum of: 

009.0
1.1)89(99

1.1
=

∗++  
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Finally as there is a 1:1 mixture of 13C:15N labeled peptides, there will be a 

binomial distribution of peptides so that only 6/12 of the 13C will only be coupled to a 

single 15N (i.e. an isolated spin-pair), 3/12 with a 13C-15N distance of r1 and 3/12 with a 

distance of r2.  1/12 of the 13C will be surrounded by two 15N.  The calculated REDOR 

curve (ΔS/S0) then is: 

 
Where REDOR[x] is the REDOR curve for an isolated 13C-15N spin-pair with a distance 

of x Å using the formula of Mueller (Mueller, 1995) and REDOR[x y] is the three-spin 

REDOR curve with 13C and 15N distances of x Å and y Å, and an 15N-13C-15N angle 

calculated using the formula of Goetz  (Goetz,1997). In the case where there is a non-

equal-molar ratio of 13C and 15N labeled peptides, ΔS/S0 becomes: 
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Where p is the ratio of 15N to 13C labeled peptides and is equal to 1 for an equal-molar 

13C:15N mixture. When p = 1, this simplifies to the previous equation. 

 

 Linear Dichroism 
 
 Flow linear dichroism spectra were recorded using a Jasco J-715 circular 

dichroism spectropolarimeter adapted for flow linear dichroism (LD) measurements at 

Clemeson University.  The LD cell is a cylindrical capillary flow cell, consisting of two 
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coaxial cylinders, one of which is a capillary and the other is a quartz rod.  The annular 

gap between the rotating capillary and the stationary rod is filled with the sample, and 

upon rotation of the capillary a shear force is induced across the sample to cause 

significant orientation but not a turbulent flow.  Sample of 0.3 mM Aβ(13-21)CyCy in 25 

mM MES at pH4.3 was used for LD study.  The nanotube morphology was confirmed by 

TEM.  To orient the tube sample we rotate the cell at 3000 rpm and wait for 15 mins until 

the LD comes to equilibrium.  Absorbance and CD baselines were collected in the same 

cuvette.  For LD, the sample in the same couette flow cell without rotation (0 rpm) was 

used as backbound for baseline substraction, under which condition the tube sample are 

disordered and do not have an LD. 
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CHAPTER 6 
 

CONCLUSION AND PESPECTIVE 
 
 

 The folding of proteins into a compact three-dimensional structure with precision 

and fidelity is one of the most significant examples of biological self-assembly.  Protein 

folding plays a crucial role in generating biological activity and regulating cellular 

growth and differentiation.  Failure of folding properly is the origin of many pathological 

conditions.  As an intriguing example of protein misfolding, amyloid diseases including 

Alzheimer’s disease, prion diseases and diabetes, share the pathological feature of 

aggregated misfolded protein deposits.  These ‘protein-misfolding diseases’ might be 

linked by common principles, therefore understanding the driving force and mechanism 

of protein misfolding may help to find common targets for therapeutic intervention. 

 Although being identified as misfolded toxic protein structure for many years, 

amyloid fibers recently have been found in bacteria, fungi, insects, invertebrates and 

humans that are functional (Coustou, Deleu et al. 1997; Iconomidou, Vriend et al. 2000; 

Mackay, Matthews et al. 2001; Chapman, Robinson et al. 2002; Fowler, Koulov et al. 
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2006).  For example, curli, the extracelluar amyloid fibrils produced by Escherichia coli, 

is a major component of bacteria biofilm (Chapman, Robinson et al. 2002). Pmel17 

fibrils template the formation of melanin in eukaryotes (Berson, Theos et al. 2003). These 

naturally occurred amyloid fibrils with positive function provide insight into potential 

applications as biomaterials for coating surface or templating reactions.  

 Elucidation of the structure, the assembly pathway and the regulatory factors of 

amyloid fibrils would be crucial for both the disease therapy and bionanotechnology 

application.  In this dissertation, self-assembly of several short peptides originating from 

amyloid-β peptide was investigated and was specifically probed with nucleaobases 

incorporation. 

 The Synthesis of β-(cytosine-1-yl)alanine is successful, and for the first time, 

nucleobases are successfully incorporated into amyloid beta peptide side chain.  The 

nucleo-amino acid monomers are characterized by 1H NMR, 13C-NMR, IR, MS and 

thermal analysis.  The synthesis route of nucleobase modified Aβ peptide under Fmoc 

protocol is successfully developed by our group.  We have designed and synthesized a 

series of nucleobase modified Aβ peptide based on the method described above.  

 My analysis suggested that nucleobase modified amyloid peptide, Aβ(10-

21)CyCy-NH2, is sufficient to form homogeneous amyloid fibrils.  Cytosine nucleaobase 

incorporation in Aβ(10-21) reduced the nucleation phase and initiation of sheet-sheet 

contacts is crucial for the formation of nucleus.  In order to simplify possible geometric 

constraints on assembly, Aβ(13-21)CyCy was designed to exposure of the CyCy dyad at 

peptide N-terminus.  The results established that Aβ(13-21)cc-NH2 forms homogenous 

nanotubes around the pKa of cytosine.  The fibrils formed by Aβ(10-21)CyCy and 
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nanotubes formed by Aβ(13-21)CyCy possess remarkably similar structural elements to 

those of the normal assembled amyloid fibrils, such as cross-β diffraction pattern, CR 

binding and β-sheet secondary structures. Formation of homogenous stable nanotubes by 

Aβ(13-21)CyCy was clearly pH-dependent.  

 Isotope edited FTIR result of Aβ(13-21)CyCy established a parallel β sheet 

arrangement of Aβ(13-21)K16A amyloid fibrils. SSNMR suggests two peptide 

arrangement patterns, a parallel β−sheet organization and an anti-parallel β−sheet 

organization, which probably results from the two clear morphologies.  SSNMR results 

are consistent with isotope edited FTIR result so far.  Therefore, we hypothesis that the 

peptides in Aβ(13-21)CyCy nanotubes are parallel arrangement while the peptide that 

form fibrils are antiparallel arrangement.  Combination of structural analysis and Linear 

Dichroism results, argues that the cytosine base interaction is along the β−sheet 

lamination, inducing significant lamination growth and stabilizing the morphology of 

nanotubes.  

 These nucleobase modified amyloid peptides now have potential applications in 

the design of synthetic materials.  Peptide self-assembly can be controlled by varying the 

the length of the peptide, and functional groups exposed on the surfaces can be tailored 

with different nucleobases.  For example, fibrils formed by Aβ(10-21)CyCy and 

nanotubes of Aβ(13-21)CyCy could be used as templates for synthesizing silver 

nanoclusters.  Fibrils formed by Aβ(10-21)ThTh can associate with polyA, and therefore 

has potential as a DNA template.  The nucleobases decorated amyloid fibrils and 

nanotubes could be assembled under physiological pH, which may be applied in the 

biological assays, such as gene delivery or PNT-membrane interactions.  Moreover, the 
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self-assembly could be controlled by pH, temperature and solvent condition, and result in 

different structural isomers.  These studies have set the good base for more extensive 

development of peptide self-assembly for novel material development.  
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