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Abstract 

Regulation and Characterization of Amyloid Architectures:  

Insight into Amyloid Cytotoxicity and Molecular 

Self-Assembly 

by Rong Ni 

 

Amyloid assemblies have been widely studied, leading to identification of the 

amyloid-lipid interaction as one the most important factors on regulating amyloid 

cytotoxicity. Particularly, the amyloid β-peptides, as the source of naturally occurring 

building blocks, have been exploited in the nano-technology field. Unfortunately, the 

proposed 3-D structure models of amyloid fibrils and tubes did not provide enough 

information on the interactions at the bilayer interface. To unveil some new aspects of 

amyloid cytotoxicity and identify the role of bilayer interaction on molecular self-

assembly, the extensive structural characterizations have been performed on the 

covalently coupled lipid-Aβ(16-22) hybrid assemblies. 

This study led to a discovery of novel Aβ-peptide-amphiphile architectures, which 

arise from direct interaction between Aβ-peptide and the lipid alkanes through bending 

the terminal alkanes to fit in laminates without disrupting β-sheet structure. The 

formation of these architectures is independent on the sample incubation pH, the linking 

position of alkane (at either N or C-termini) and peptide orientation/registry, which 

suggests that amyloid peptide may have an inherent interaction with membrane lipid 

 
 



carbon alkyl chains.  

During the course of this study, the clear morphology and structure transitions have 

been observed when tuning the length or degree of bulkiness of terminal alkanes. Most 

strikingly, cross-sheet electrostatic interaction, not the hydrophobic clustering as claimed 

in literatures, has been identified as an important driving force to direct and stabilize the 

parallel β-sheet fibril formation.  

In addition, we also evaluated the role of glutamine side chain H-bonding cross-

strand pairing on amyloid assembled morphology and peptide organization, shedding 

light on the mechanism of glutamine-contained amyloid diseases. In another project, the 

peptide strand conformation within the longer amyloid peptide fragment (Aβ(10-35)) has 

been roughly defined using fluorescence resonance energy transfer (FRET) technology  

with a small FRET pair on four different positions. This conformation provides extra 

constraints for study of Aβ(10-35) fibrils structure.  

Many discoveries in this study are complementary to our current knowledge, 

deepening our understanding of amyloid cytotoxicity mechanism and expanding our 

regulation factors (pairwise interactions) in the design of novel nanomaterials with 

desired morphology and structure.  

  

 

 

 

 

 

 
 



 

Regulation and Characterization of Amyloid Architectures:  

Insight into Amyloid Cytotoxicity and Molecular 

Self-Assembly 

 

By 

Rong Ni 

B. S., Hunan University, 2000 

M. S., Hunan University, 2003 

 

Adviser: David G. Lynn, Ph.D. 

 

A dissertation submitted to the Faculty of the 

James T. Laney School of Graduate Studies of Emory University  

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy  

in Chemistry 

 

2010 

 

 

 

 
 



 

Acknowledgements 

I would like to thank my advisor Dr. David G. Lynn for his excellent guidance 

during my graduate studies at Emory University. Dave’s creative ideas, constructive 

suggestions, and the intellectual freedom in Lynn’s lab were deeply appreciated. Besides 

his incredible intelligence, his endless patience and enthusiasm toward education create 

the ideal working environment for development of myself and other young scientists. I 

also like to express my gratitude to my committee members, Dr. Vincent Conticello and 

Dr. Dale E. Edmondson for the insightful critiques that were critical for my project 

accomplishments. 

The Lynn’s group members have created a very stimulating research environment 

as well as a friendly atmosphere. I deeply appreciate Dr. Anil Mehta, who is a very nice 

guy and expert in solid state-NMR, for running my solid state-NMR samples and 

providing critical discussion of my project. Many thanks go to Seth Childers for his 

invaluable discussion and insights on my project, as well as willing to proofread my 

papers and thesis. I also would like to convey my gratitude to Dr. Jijun Dong and Tiao 

Xie, who are really outstanding mentors and helped myself and my husband during 

transition to graduate school and thereafter. Special thanks to the former lab members Dr. 

Lizhi Liang, Dr. Xiaohua Li, Dr. Yingzhen Kong, Dr. Fang Fang, Dr. Kun Lu, Dr. Rong 

Gao, Dr. Teresa Hill, Dr. Justin Maresh, Dr. Peng Liu, Dr. Andrew Palmer, Dr. Melissa 

Bobeck, Dr. Trey Maddox, Dr. Ken Walsh, Dr. Yan Liang, Hsiao-Pei Liu, and all the 

current members Yue Liu, Yi-Han Lin, Chenrui Chen, Savannah Adams and Erin Schuler.  

 
 



In addition, I also deeply appreciate Dr. Hong Yi at Electron Microscopy (EM) 

center for her wonderful and patient guidance in TEM and the training of the basic 

techniques for biological sample preparation. I also want to thank Jeannette Taylor at EM 

center for her patience and generous guidance in SEM, Cryo-SEM and other EM related 

techniques. I also acknowledge Dr. Ken Hardcastle for the help in the X-ray diffraction 

experiment and Dr. Fred Strobel in mass spectrometry facilities, Dr. Shaoxiong Wu and 

Dr. Bing Wang in NMR center. In addition, I also want to thank David, Ed, Patti, Sarah 

and Steve in the stock room for their nice and outstanding work. 

I have really enjoyed my life at Emory partly because I have made many friends 

here and I will miss the wonderful days I had at Emory. I would thank all of you, 

particularly Lingfeng Liu, Yunyun Pei, Zhen Qian, Zhongbo Fei, Weiqiang Zhan, Hao 

Yang, Hao Li, Bo Chen and Songbai Liu. 

Lastly and most importantly, I would like to thank my family members for their 

love, consistent support and encouragement, especially my husband Rongbiao Tong, my 

son Terry Tong and my parents. Thank you! 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 



Table of Contents 

Acknowledgements 

List of Figures 

List of Tables 

Abbreviations 

 

Chapter 1: Amyloid Cytotoxicity and Molecular Self-Assembly Based 
Nanomaterials: General Introduction ....................................................... 1 

 Alzheimer’s disease and the amyloid β-peptide assembly................................. 1 

 Production of amyloid β-peptide ...................................................................... 2 

 Structure of Aβ fibrils ....................................................................................... 4 

 Amyloid-lipid interaction.................................................................................. 7 

 Lipid accelerates Aβ formation......................................................................... 8 

 Mechanism of amyloid cytotoxicity ............................................................... 10 

 Molecular self-assembly based nanomaterials ................................................. 14 

 Biomolecule-based self-assembly................................................................... 14 

 General forces that govern peptide self-assembly ......................................... 24 

 Summary and the proposed strategies for pathological and nanotechnogical 
studies.......................................................................................................... 29 

References ............................................................................................................ 32 

 

Chapter 2: Amyloid Peptide / Lipid Chimeras Dictate Parallel β-Sheet Assembly: 
the Role of Electrostatics ........................................................................... 49 

 Introduction......................................................................................................... 49 

 Results .................................................................................................................. 53 

 Is the self-assembled morphology altered by addition of alkyl chains at neutral 
pH? ................................................................................................................. 53 

 Does the N-terminal alkyl chain alter the peptide arrangement along the sheets? 
   ....................................................................................................................... 54 

 Does the peptide orientation switch at N-propyl? .......................................... 57 

 What is the peptide arrangement within β-sheets for the N-propyl- to N-
palmityl-Aβ(16-22) fibrils at neutral pH? ...................................................... 58 

 Does N-terminal alkyl chain interaction direct parallel β-sheet formation? .. 59 

 
 



 Does the cross-sheet electrostatic interaction modulate the peptide 
arrangement? .................................................................................................. 61 

 Do N-terminal alkyl chains alter the distribution of lysine on the fibril surface? 
......................................................................................................................... 67 

 Does the N-terminal alkyl chain alter the peptide repeat distances? ............. 68 
 ssNMR characterization of β-sheet stacking .................................................. 70 
 Does N-isobutyl-Aβ(16-22) L17N-methyl-Q maintain the self-assembly 

properties as N-isobutyl-Aβ(16-22)? ............................................................. 72 
 Characterization of sheets orientation through measuring the 13C-15N cross-

sheet distance with solid-state NMR (ssNMR) REDOR technique................ 73 

 Discussion............................................................................................................. 74 

 Materials and methods ....................................................................................... 80 

References ............................................................................................................ 84 

 

Chapter 3: Accommodating Alkyl Chains within Amyloid Nanotubes ........................ 87 

 Introduction......................................................................................................... 87 

 Results .................................................................................................................. 88 

 Is the self-assembled morphology at acidic pH altered by addition of alkyl 
chains? ............................................................................................................ 88 

 Do N-terminal alkyl chains impact peptide secondary structure in the 
assembly?........................................................................................................ 90 

 Do the N-alkanes alter the peptide arrangement within β-sheets?.................. 92 
 Does a N-terminal alkyl chain impact tube wall thickness and tube surface 

property? ......................................................................................................... 94 
 Do the N-terminal alkyl chains alter the peptide repeat distances? ............... 99 
 What is the conformation of N-lauryl chain within nanotubes? .................. 102 

 Discussion........................................................................................................... 108 

 Materials and methods ..................................................................................... 115 

References .......................................................................................................... 118 

 

Chapter 4: Exploiting Amyloid Plasticity for Architectural Control I.................... 122 

 Introduction....................................................................................................... 122 

 Results ................................................................................................................ 124 

 Is morphology controlled by the N-terminal cap? ....................................... 124 
 Impact on assembled secondary structure..................................................... 127 
 Impact on assembled peptide registry........................................................... 129 
 Impact on the cross-β amyloid structure....................................................... 131 
 Structure modeling ....................................................................................... 132 

 
 



 Discussion........................................................................................................... 136 

 Materials and methods ..................................................................................... 140 

References .......................................................................................................... 143 

 

Chapter 5: Exploiting Amyloid Plasticity for Architectural Control II ................. 145 

 Introduction....................................................................................................... 145 

 Results ................................................................................................................ 146 

 Is morphology controlled by the C-terminal cap? ....................................... 146 
 Impact on assembled secondary structure..................................................... 148 
 Impact on β-sheet laminates ......................................................................... 150 
 Impact of the C-N(CH3)2 substitution on morphology ............................... 150 
 Impact of the C-N(CH3)2 substitution on bilayer ........................................ 152 
 Impact of the C-N(CH3)2 substitution on peptide arrangement .................. 155 
 Impact of the C-N(CH3)2 substitution on β-sheet laminates ........................ 156 
 Impact of mixing N- and C-terminal alkyl substitutions on assembled 

morphology and peptide arrangement ......................................................... 157 
 Impact of mixing N- and C-terminal alkyl substitution on β-sheet laminates 

.................................................................................................................... 163 

 Discussion........................................................................................................... 164 

 Materials and methods ..................................................................................... 168 

References .......................................................................................................... 171 

 

Chapter 6: Glutamine Cross-Strand Pairing in Amyloid Assembly........................ 173 

 Introduction....................................................................................................... 173 

 Results ................................................................................................................ 174 

 Impact of Q substitution on the self-assembly of N-acetyl-Aβ(16-22) ....... 174 
 The focus on position 22............................................................................... 178 
 Analysis of the specific E22Q contribution to peptide self-assembly .......... 182 

 Disscusion........................................................................................................... 187 

 Materials and methods ..................................................................................... 193 

References .......................................................................................................... 196 

 

Chapter 7: Probing Aβ(10-35) Fibril Structure by Fluorescence Resonance Energy 
Transfer (FRET) ..................................................................................... 198 

 Introduction....................................................................................................... 198 

 Results ................................................................................................................ 200 

 
 



 Selection and placement of FRET pairs........................................................ 200 
 Assembly of labeled peptides ....................................................................... 205 
 Fluorescence resonance energy transfer in co-assembled fibrils .................. 211 

 Disscusion........................................................................................................... 216 

 Materials and methods ..................................................................................... 222 

References .......................................................................................................... 226 

 

Chapter 8. Conclusions and Outlook .......................................................................... 230 

References .......................................................................................................... 236 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



List of Figures 
 

Figure 1-1. Amyloid plaques found in Alzheimer’s Disease. ............................................ 2 

Figure 1-2. Two pathways of APP processing in cell membranes. ................................... 3 

Figure 1-3. Two structure models of Aβ(10-35) fibrils. .................................................... 5 

Figure 1-4. Structure model of Aβ (1-40) fibrils. .............................................................. 7 

Figure 1-5.  Insertion of amyloid oligomer in membrane lipid bilayers. ........................... 8 

Figure 1-6. Illustration of Aβ binding and aggregation on lipid membranes. ................... 9 

Figure 1-7. Proposed mechanism of amyloid peptide binding, insertion and aggregation 
in the presence of lipid membranes. ........................................................... 13 

Figure 1-8. Bilayer structure of cell membrane. .............................................................. 15 

Figure 1-9. TEM images of self-assemblies from lipid surfactants. ................................ 16 

Figure 1-10. Peptide-based surfactants and its corresponding self-assemblies. .............. 17 

Figure 1-11. Nanodonut formatin from a cone-shaped peptide surfactant. ..................... 18 

Figure 1-12. Structure model of cylindrical fibers formed from peptide-amphiphile. .... 20 

Figure 1-13. Structure model of peptide nanotubes formed from cyclic peptide ............. 22 

Figure 1-14. Illustration of amyloid as scaffold or template. .......................................... 23 

Figure 1-15. Self-assembly from ionic complimentary peptides. .................................... 27 

Figure 1-16. Electron micrographs of Aβ(16-22)  nanotubes and fibrils, and their 3D 
structure models. ......................................................................................... 30 

Figure 2-1. Structural models proposed for fibrils with N-terminal long alkyl chain. .... 50 

Figure 2-2. Proposed structural model for parallel β-sheet fibrils with antiparallel sheets 
stacking orientation. .................................................................................... 52 

Figure 2-3. Electron micrographs of N-X-Aβ(16-22) (X = acetyl to palmityl) fibrils  
assembled at neutral pH. ............................................................................. 54 

Figure 2-4. Isotope-edited IR spectra amide I region of fibrils at neutral pH. ................ 56 

Figure 2-5. Stacked FT-IR amide I region spectra of [1-13C] L17-labeled fibrils. ........... 57 

Figure 2-6. ssNMR DRAWS measurement profile of N-isobutyl-Aβ(16-22) [1-13C] L17 
parallel β-sheets. ......................................................................................... 58 

Figure 2-7. TEM images and IE-IR amide I spectra of leucine-substituted fibrils. ......... 60 

Figure 2-8. Chemical structure and side chain length of lysine analogs.  ....................... 61 

Figure 2-9. TEM images of lysine substituted self-assemblies and the corresponding FT-
IR spectra. ................................................................................................... 62 

Figure 2-10. TEM images and FT-IR spectra amide I region of N-acetyl- Aβ(16-
22)Lys16X and N-lauryl-Aβ(16-22) Lys16X at acidic pH. ....................... 64 

 
 



Figure 2-11. Electron diffraction of N-acetyl-Aβ(16-22)Lys16X nanotubes at acidic pH. 
...................................................................................................................... 65 

Figure 2-12. TEM images and FT-IR spectra amide I region of N-acetyl-Aβ(16-
22)Lys16X and N-lauryl-Aβ(16-22) Lys16X at neutral pH. ...................... 66 

Figure 2-13. TEM images of gold-bound fibrils. ............................................................. 68 

Figure 2-14. X-ray diffraction of N-substituted fibrils at neutral pH. ............................. 70 

Figure 2-15. The crude model of parallel β-sheets stacking with antiparallel sheet- sheet 
orientation. .................................................................................................. 71 

Figure 2-16. Chemical structure of N-isobutyl-Aβ(16-22) [N-methyl 13C]L17N- methyl-
Q [15N] A21.. ............................................................................................... 71 

Figure 2-17. TEM image and FT-IR spectra amide I region of N-isobutyl-Aβ(16-22) 
L17N-methyl-Q fibrils at neutral pH. .......................................................... 72 

Figure 2-18. Stacked IE-IR amide I spectra of L17N-methyl-Q substituted fibrils at 
neutral pH. ................................................................................................... 73 

Figure 2-19. Characterization of sheet orientation by ssNMR REDOR technique. ........ 74 

Figure 2-20. Structural model of parallel β-sheet fibrils in lamination dimension. ......... 75 

Figure 2-21. Molecular structure of two peptide-amphiphile monomers. ....................... 77 

Figure 2-22. Illustration of peptide arrangement switch modulated by electrostatic 
interaction. .................................................................................................. 79 

Figure 3-1. Electron micrographs of the N-X-Aβ(16-22) (X = acetyl to palmityl) peptide 
assembled at acidic pH. ............................................................................... 89 

Figure 3-2. CD spectra of N-X-Aβ(16-22) (X = acetyl to lauryl) assemblies at acidic pH. 
...................................................................................................................... 91 

Figure 3-3. Self-assembly kinetics of N-alkane substituted assemblies at acidic pH. ..... 92 

Figure 3-4. Isotope-edited IR amide I band of [1-13C] F19-labeled assemblies at acidic pH. 
...................................................................................................................... 93 

Figure 3-5. Cryo-SEM images of peptide nanotubes formed from (a) N-acetyl-Aβ(16-22) 
and (b) N-lauryl-Aβ(16-22). ....................................................................... 94 

Figure 3-6. AFM images of nanotubes with measurement profiles. ................................ 96 

Figure 3-7. TEM images of gold-bound nanotubes. ........................................................ 97 

Figure 3-8. UV spectra of Congo red binding to nanotubes. ........................................... 98 

Figure 3-9. X-ray and electron diffractions of the peptide assemblies at acidic pH. ..... 101 

Figure 3-10. Co-assembly of N-acetyl-Aβ(16-22) and N-lauryl-Aβ(16-22). ................ 103 

Figure 3-11. 13C DQF DRAWS for [1-13C]N-acetyl-Aβ(16-22) and [1-13C]N- lauryl-
Aβ(16-22) nanotube. ................................................................................. 105 

 
 



Figure 3-12. MD simulation of N-acetyl-Aβ(16-22) with different terminal conformation. 
.................................................................................................................... 106 

Figure 3-13. REDOR analyses of [15N]L17 and [1-13C]N-alkyls in self-assembled 
nanotubes. ................................................................................................. 107 

Figure 3-14. REDOR measurement of peptide terminal intrastrand distance. .............. 108 

Figure 3-15. Structural model of β-sheet-stacking within N-lauryl-Aβ(16-22) tubes. .. 110 

Figure 3-16. Model of antiparallel β-sheets of N-palmityl-Aβ(16-22) at acidic pH. .... 111 

Figure 3-17. Bilayer structure model of N-lauryl-Aβ(16-22) nanotubes. ...................... 113 

Figure 3-18. Illustration of Congo Red binding on the nanotubes surface. ................... 114 

Figure 4-1. The staggered and blunt peptide bilayer interfaces containing antiparallel 
peptide β-sheets. ........................................................................................ 123 

Figure 4-2. Chemical structure of the N-terminal capping groups used in this study. .. 123 

Figure 4-3. TEM and AFM images of N-substituted assemblies at acidic pH. ............. 125 

Figure 4-4. TEM and AFM images of N-substituted assemblies at neutral pH. ........... 127 

Figure 4-5. CD analyses of Aβ(16-22) congener nanotubes. ......................................... 128 

Figure 4-6. FT-IR analyses of Aβ(16-22) congener assemblies at (a) acidic pH, and (b) 
neutral pH. ................................................................................................. 129 

Figure 4-7. Isotope-edited FT-IR of the nanotube assemblies at acidic pH with (a) [1-13C] 
F19 or (b) [1-13C] L17 labels. ................................................................... 130 

Figure 4-8. Isotope-edited FT-IR of assemblies formed at neutral pH. ......................... 131 

Figure 4-9. Electron diffraction of oriented nanotubes at acidic pH. ............................ 132 

Figure 4-10. Peptide arrangements accessed under neutral assembly conditions. ........ 133 

Figure 4-11. Water exposed surface for antiparallel and parallel β-sheets through 
conformational search. .............................................................................. 135 

Figure 4-12. Van der Waals contact between N-terminal alkyl chain and the adjacent 
peptide strands within parallel in-register β-sheets. .................................. 136 

Figure 5-1. Transmission electron micrographs of self-assemblies of C-terminal modified 
N-acetyl-Aβ(16-22)-NH2 at both acidic and neutral pHs. ........................ 147 

Figure 5-2. Isotope-edited IR amide I band of [1-13C]F19-labeled assemblies. ............ 149 

Figure 5-3. X-ray diffraction of N-acetyl-Aβ(16-22)-NH(CH2)11CH3 at (a) acidic and (b) 
neutral pH. ................................................................................................. 150 

Figure 5-4. TEM images and CD spectra of C-terminal methylated peptides at acidic pH. 
.................................................................................................................... 151 

Figure 5-5. AFM images with height measurement of C-terminal modified assemblies. 
.................................................................................................................... 154 

 
 



Figure 5-6. Isotope-edited IR amide I band of [1-13C] F19-labeled C-terminal modified 
tubes under acidic conditions. ................................................................... 155 

Figure 5-7. Electron diffraction of N-acetyl-Aβ(16-22)N(CH3)2 nanotubes. ............... 156 

Figure 5-8. TEM and Isotope-edited IR spectra of X-Aβ(16-22)-NHCH3 (X = N-acetyl, -
isobutyl, -lauryl and -palmityl). ................................................................ 159 

Figure 5-9. TEM and Isotope-edited IR spectra of N-X-Aβ(16-22)-N(CH3)2 (X =  acetyl, 
isobutyl, lauryl and palmityl). ................................................................... 162 

Figure 5-10. X-ray diffraction of N- and C- double-substituted peptide assemblies. .... 163 

Figure 5-11. The illustration of H-bonding interaction of three C-terminal modified 
peptides in two different peptide β-sheets. ............................................... 167 

Figure 6-1. TEM images of glutamine substituents assembled at acidic pH. ................ 175 

Figure 6-2. Stacked isotope-edited IR spectra amide I bands of carbonyl 13C labeled 
fibrils at acidic pH. .................................................................................... 176 

Figure 6-3. Structure model of L17QE22Q with antiparallel out-of registry (model I) and 
parallel in-registry (Mode II). ................................................................... 177 

Figure 6-4. TEM/AFM images and FTIR amide I bands of L17QE22Q fibrils assembled 
at acidic pH. .............................................................................................. 178 

Figure 6-5. FTIR amide I spectra of the indicated N-acetyl-Aβ(16-22) analogs assembled 
under acidic conditions. ............................................................................ 179 

Figure 6-6. Electron micrographs of N-acetyl-Aβ(16-22) and E22Q assemblies at acidic 
and neutral pHs. ........................................................................................ 180 

Figure 6-7. X-ray diffraction of (a) N-acetyl-Aβ(16-22) tubes and (b) E22Q fibrils at 
acidic pH. .................................................................................................. 180 

Figure 6-8. CD and FTIR analyses of N-acetyl-Aβ(16-22) tubes and E22Q fibrils at 
acidic pH. .................................................................................................. 181 

Figure 6-9. Isotope-edited IR spectra of E22Q fibrils and the band splitting magnitude 
comparison with the references. ............................................................... 182 

Figure 6-10. Three peptides with chemical structure of glutamine analogs specified. .. 183 

Figure 6-11. TEM of side-chain substituted- glutamine analogs at acidic and neutral pHs. 
.................................................................................................................... 184 

Figure 6-12. AFM image of E22QNHCH3 fibrils. ........................................................ 185 

Figure 6-13. Stacked isotope-edited IR spectra of side-chain substituted-glutamine 
analogs. ..................................................................................................... 186 

Figure 6-14.  Parallel β-sheets of four (acetyl-VQIVYK-NHCH3) strands. ................. 189 

Figure 6-15. Six possible parallel β-sheet stacking models for E22Q fibrils. ............... 192 

Figure 7-1. Three structural models of Aβ(10-35) fibrils. ............................................. 199 

Figure 7-2. Mechanism of Fluorescence resonance energy transfer. ............................. 201 

 
 



Figure 7-3. Structural cartoon of the Aβ(10-35) peptide containing both donor 
(tryptophan) and acceptor (dansyl). .......................................................... 202 

Figure 7-4. Each Scheme compares the predicted distances for a different donor (D) and 
acceptor (A) pair in the three proposed models. ....................................... 204 

Figure 7-5. AFM images, CD secondary structure and fluorescence emission 
spectroscopy of fluorophore-substituted amyloid fibrils. ......................... 206 

Figure 7-6. AFM images, CD analyses and fluorescence emission spectroscopy of co-
assembled fibrils. ...................................................................................... 208 

Figure 7-7. AFM/TEM images and fluorescence emission spectroscopy of the indicated 
assemblies. ................................................................................................ 209 

Figure 7-8. Tryptophan fluorescence anisotropy in fibrils and monomers. ................... 210 

Figure 7-9. Fluorescence emission spectra of co-assembled fibrils. ............................. 211 

Figure 7-10. Concentration and the peptide mixing ratio-dependence of FRET. .......... 212 

Figure 7-11. AFM images and fluorescence emission spectra of co-assembled fibrils. 213 

Figure 7-12. The fluorescence emission spectra of Y10KDM35W (black) and 
E22WM35KD (red) fibrils. ....................................................................... 215 

Figure 7-13. Acrylamide quenching of fibril assemblies. .............................................. 216 

Figure 7-14. Proposed Aβ(10-35) strand conformation within fibrils. .......................... 219 

Figure 7-15. Structure models of Aβ(10-35) fibrils. . ...................................................  221 

Figure 7-16.Illustration of the relationship between D/A dipole direction and the dipole 
orientation factor κ. . ................................................................................  224 

 
 

 

 

 

 

 

 

 

 
 

 
 



List of Tables 
 

Table 3-1. Estimated nanotube diameters at acidic pH. ................................................... 90 

Table 3-2. Tube wall thickness obtained using AFM. ..................................................... 97 

Table 3-3. Peptide repeat distances. ............................................................................... 102 

Table 3-4. Summary of the parameters related to nanotube size. .................................. 113 

Table 4-1. Estimated nanotube diameter and tube wall thickness. ................................ 126 

Table 4-2. Estimated Fibril width and tube wall thickness. ........................................... 127 

Table 4-3. Measured d-spacing of these assemblies at both pHs. ................................. 132 

Table 4-4. Nanotube parameters and dimensions. ......................................................... 133 

Table 4-5.Water exposed surface area (WESA) of the β-sheets corresponding to each 
model in Figure 4-11. ................................................................................... 135 

Table 5-1. Estimated tube-wall thickness. ..................................................................... 155 

Table 5-2. The peptide repeat distances corresponding to each arc in Figure 5-7. ........ 157 

Table 5-3. Average number of hydrogen-bonds between two adjacent peptide strands 
within β-sheets (Figure 5-11). ...................................................................... 167 

Table 6-1. Estimated fibril width based on the high resolution TEM images. .............. 185 

Table 6-2. The peptides with parallel peptide arrangements within β-sheets characterized 
by X-ray or isotope-edited IR. ..................................................................... 188 

Table 7-1. Estimated relative distances between D and A in different models shown in 
Figure 7-4...................................................................................................... 204 

Table 7-2. The order of relative distance between residues for each model. ................. 218 

 

 

 
 

 

 

 

 

 
 



Abbreviations 

 
A amyloid- 

AD Alzheimer’s disease  

AFM atomic force microscopy 

AI  Antiparallel In-registry 

AO Antiparallel Out-of registry  

APP amyloid precursor protein  

BS-REDOR Boltzmann statistics rotational echo 

double-resonance 

CD circular dichroism 

CHCA Cyano-4-hydroxycinnamic acid  

CR Congo red 

Cr chromium 

Cryo-SEM Cryo-scanning electron microscope 

Dab 2, 4-diaminobutyric acid 

DCC N,N'-dicyclohexylcarbodiimide 

DCM dichloromethane 

DIPEA  N,N-diisopropylethylamine 

DMF dimethylformamide 

DMSO dimethyl sulfoxide 

Dpr 2, 3-diaminopropionic acid 

DQF-DRAWS double quantum filtered dipolar 

recoupling with a windowless sequence 

 
 

http://en.wikipedia.org/wiki/N,N'-Dicyclohexylcarbodiimide
http://en.wikipedia.org/wiki/N,N-Diisopropylethylamine
http://en.wikipedia.org/wiki/Dimethylformamide


EDT 1,2-ethanedithiol 

FSPS Fmoc solid phase synthesis  

FMOC 9-fluorenylmethoxycarbonyl 

FRET fluorescence resonance energy transfer 

FT-IR Fourier Transform Infrared Raman 

Spectroscopy 

GdnHCl guanidine hydrochloride 

HBTU 2-(1H-Benzotriazol-1-yl)-1,1,3,3-

TetramethylUronium 

hexafluorophosphate 

HFIP hexafluoroisopropanol 

HPLC  high-performance liquid chromatograph 

Hr hour 

IAPP islet amyloid polypeptide 

IE-IR  isotope-editing IR 

LRD  lamination repeating distance 

Lys  lysine 

MALDI-TOF matrix assisted laser desorption 

ionization - time of flight mass 

spectrometry 

MD molecular dynamics 

MES 2-(N-morpholino)ethanesulfonic acid 

Min minute 

 
 

http://www2.dupont.com/Polymer_Specialties/en_US/products/hfa_derivatives/hfip.html
http://www.wikigenes.org/e/gene/e/3375.html


mM milli molar 

mL milliliter 

NADH nicotinamide adenine dinucleotide 

NMM 4-methylmorpholine 

Orn ornithine, 

PA peptide-amphiphile 

PEG Poly(ethylene glycol) 

PI Parallel In-registry. 

PNA peptide nucleic acid  

PrP Prion Protein 

pS phosphoserine 

RGD arginine-glycine-aspartic acid 

RP-HPLC reversed-phase high-performance liquid 

chromatograph 

SAXS small angle X-ray scattering 

SEM scanning electron microscopy 

STEM scanning and transmission electron 

microscopy 

ss-NMR solid state Nuclear Magnetic Resonance 

TEM transmission electron microscopy 

TFA trifluoroacetic acid 

TFE trifluoroethanol 

TLC thin layer chromatograph 

 
 



 
 

UV  ultra-violet 

WESA water exposed surface area  

L microliter 

M micromolar 



 

CHAPTER 1  

Amyloid Cytotoxicity and Molecular Self-

Assembly Based Nanomaterials:  

General Introduction 

 

Alzheimer’s disease and the amyloid β-peptide assembly 

Neurodegenerative disorders and systemic amyloidoses, such as Alzheimer’s 

disease (Figure 1-1), Parkinson’s disease, type 2 diabetes and Prion disease (Kakio and 

Matsuzaki, 2003), are all accompanied with extracellular plaques or intracellular tangles 

through the misfolding and aggregation of disease-related proteins (i.e. Aβ, tau, α-

synuclein, IAPP, and PrP, respectively) (National Institute on Aging; Sekijima et al., 

2005; Soto, 2001). Structure characterization of these deposits reveals surprising common 

features shared by these amyloid diseases, irrespective of peptide sources, peptide length 

and sequence, including long, unbranched fibrils with diameters ranging between 7 to 10 

nm (Terry, 1964) and cross-β structure with orthogonal peptide repeating distances of 4.7 

Å and 10.6 Å (Serpell, 2000). These assemblies typically give green birefringence when 

bound to the histopathologic dye Congo red (Kammerer et al., 2004; Mihara et al., 2005). 

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, 

characterized by memory loss, cognitive deficits, and behavioral changes. This 

dementing illness of the people over 65 years old occurs in about 18 million people 
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worldwide (AHAF, 2006); (Mega, 1996; Selkoe, 1991a). Unfortunately, no effective 

therapy has been developed for AD, even though the self-assembly of the amyloid β-

peptide and its cytotoxicity have been investigated extensively (Selkoe, 1991b). 

 

Figure 1-1. Cartoon of the amyloid plaques found in Alzheimer’s Disease. 

The Aβ aggregates of amyloid plaque contribute to the loss of connections between neurons (National 

Institute on Aging). 

 

Production of amyloid β-peptide 

The accumulation of extra-cellular neuritic plaques and intra-cellular neurofibrillary 

tangles in the brain is the hallmark of Alzheimer’s disease (Bossy-Wetzel et al., 2004). 

The core structure of these deposits is composed of amyloid β-peptide containing 39 to 

43 amino acids, which is generated in a two-step process from the enzyme-mediated 

cleavage of a transmembrane glycoprotein (100–130 kDa), the amyloid precursor protein 

(APP) (Weiming Xia, 2004). In order to understand the degradation mechanism of APP, 

two possible pathways: nonamyloidogenic and amyloidogenic, have been proposed 
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(Figure 1-2) (Vestergaard M, 2006; Weiming Xia, 2004). In the nonamyloidogenic 

pathway, the major route of APP processing is that APP is proteolyticaly cleaved by α-

secretase and γ-secretase to produce P3 protein (Koudinova NV, 2003); while in the 

amyloidogenic pathway, β-secretase, instead of α-secretase, cleaves APP, followed by γ-

secretase to yield amyloid peptide with 28 amino acids from extracellular portion of APP 

and 11-15 amino acids from the transmembrane domain (LaFerla et al., 2007). Once the 

amyloid peptide is produced, it is released into the aqueous environment as a soluble 

monomer. This monomer may follow three different pathways depending on its 

concentration and the local environment: 1) self-aggregation in aqueous solution 

 

Nonamyloidogenic 
pathway 

amyloidogenic 
pathway 

 
Figure 1-2. Two pathways of APP processing in cell membranes.  

Non-amyloidogenic pathway produces P3 protein by the cleavage of APP with α-secretase and γ-secretase; 

while amyloidogenic pathway results in the amyloid β-peptide production through cleavage of APP by β-

secretase and γ-secretase (Weiming Xia, 2004). 
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(Bokvist et al., 2004); 2) association as β-sheets on the negatively charged membrane 

surface (McLaurin and Chakrabartty, 1997; Terzi et al., 1994); and 3) insertion into the 

membrane (Curtain et al., 2003). The Aβ-peptide begins exerting its damaging effects 

intra- and extra-cellularly once it is produced (Arispe et al., 2007; Stine et al., 2003). 

 

Structure of Aβ fibrils 

In 1959, Cohen and Calkins (Cohen, 1959) first observed fibrous amyloid fibrils 

with the assistance of  transmission electron microscopy (TEM). Thereafter, 

characterization of amyloid fibrils with TEM become routine, and many other analytical 

technologies including atomic force microscopy (AFM), circular dichroism (CD), Fourier 

transform infrared spectroscopy (FTIR) and X-ray powder diffraction, have been 

employed to extensively characterize the amyloid fibril structure for better understanding 

amyloid assembly mechanism. Other high resolution techniques such as solution NMR 

and X-ray crystallography, however, are not applicable due to the low solubility and 

noncrystalline feature of amyloid fibrils. Up to date, the atomic-level structural 

information inside fibrils remains unknown. 

Solid-state nuclear magnetic resonance (ssNMR), pioneered by Griffin and coworkers 

(Costa et al., 1997; Spencer et al., 1991), offers an ideal alternative approach to study 

amyloid fibrils. Due to the easy and homogeneous sample preparation and similar 

amyloid fibril formation, amyloid-β peptide fragments have frequently been chosen as 

model peptides to study amyloid fibrils structure. This first real structural information 

came from systematical isotope labeling to define the inter-peptide strand distance with 

ssNMR dipolar recoupling with a windowless sequence (DRAWS) experiments 
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(Benzinger et al., 1998; Benzinger et al., 2000; Bower et al., 1999; Gregory et al., 1997). 

This approach identified the parallel in-registry β-sheet within Aβ(10-35) fibrils. Taken 

together with small angle X-ray scattering and TEM results, the initial structural model of 

Aβ(10-35) fibrils was proposed where the extended peptide strands form parallel in-

registry β-sheets with H-bonding distance of 4.7 Å. In this model, six sheets were stacked 

together with lamination distance of 9.8 Å to form mature fibrils (Figure 1-3a). 

Interestingly, these experimental data can also be fit to the β-helical model, in which  

a 
b

 

Figure 1-3. Two structure models of Aβ(10-35) fibrils. 

(a) Extended β-sheet model with extended parallel in-registry monomer conformation. The hydrogen-bond 

distance of 5 Å and sheets stacking distance of 10 Å give the fibril dimension of 60Å ×80 Å (Benzinger et 

al., 1998; Benzinger et al., 2000; Burkoth et al., 2000).  

(b) β-helix model with each monomer forming a triangle shape helical conformation (Lakdawala, 2003). 

 

β-Helix Model  Extended β-sheet model

~60Ǻ
~82Ǻ 
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triangular-shaped peptide monomers stack to form a column in parallel fashion with the 

H-bonding distance of 4.7 Å (see Figure 1-3b), and six such columns packed together 

with the inter-column distance of 9.8 Å to form mature fibrils (Lakdawala, 2003). Since 

both models fit the structure data, further differentiation was required. 

Recently, the ssNMR characterization of Aβ(1-40) fibrils, together with scanning 

transmission electron microscopy (STEM), led to a turn model (Petkova et al., 2002) 

(Figure 1-4). This model features: 1) the N-terminal first 10 residues adopt a random coil 

conformation and the rest of the peptide strand bends to form a non-β turn at G25, S26 

and G29 with intra-strand distance of 10 Å; 2) these bent peptides stack in parallel 

fashion with H-bonding distance of 4.7 Å to form a sheet; and 3) four sheets pack 

together with an inter-sheet distance of 10 Å to form a matured fibril. The significant 

structural differences between Aβ(1-40) and Aβ(10-35) fibril raise several questions. If 

Aβ(10-35) is the central fragment of Aβ(1-40), why does Aβ(10-35) lose the C-terminal 

turn at G25, S26 and G29? Do the N-terminal 10 residues and C-terminal 5 residues 

impact the turn? In Aβ(10-35) fibril characterization, the mass per unit length is derived 

from the SAXS data, the average of the entire solution sample, this deviation maybe large 

since lateral association of the fibrils may generate larger aggregates. In contrast, the 

mass per unit length from STEM is from single specific fibrils, viewed on the EM image 

and the precision of the measurements may be an underestimate of the width. Therefore, 

further structure constraints are necessary to differentiate Aβ(10-35) and Aβ(1-40)fibril 

structures. 
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Figure 1-4. Structure model of Aβ (1-40) fibrils. 

The left panel is side view of a single sheet and the right panel is the top view of two stacked sheets. The 

color of each region in this model is corresponding to the same color coded peptide sequence (Petkova et 

al., 2006). Copyright permission has been requested. 

 

Amyloid-lipid interaction 

Mature amyloid fibrils have been recognized as toxic species (Selkoe, 2004), but 

the molecular processes that cause the formation of these nonnative architectures in vivo 

are not fully unveiled. Membrane lipids, especially negatively charged lipids, are known 

to significantly enhance the aggregation rate of Aβ-peptide relative to the lipid-free 

environments (Bokvist et al., 2004; Curtain et al., 2003; Kakio et al., 2002; Walsh et al., 

2000; Wood et al., 2003). Recent related studies demonstrate that the mature fibrils and 

extracellular plaques are relatively inert and the intermediate species, such as oligomer 

and protofibrils, are correlated with amyloid cytotoxicity (Hardy and Selkoe, 2002). 

These soluble oligomers / protofibrils have been recognized to form ion channels (Figure 
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1-5a) (Quist et al., 2005) or to permeabilise cell membranes, allowing uncontrolled flow 

of ions and/or disrupting cell integrity/fluidity (Figure 1-5b) (Zhao et al., 2006a). It was 

found that lipid membranes, with proper composition and physical property, might 

trigger the formation of toxic intermediates (Hebda and Miranker, 2009; Kammerer et al., 

2004; Zhao et al., 2004). Therefore, the mechanism of lipid-amyloid interaction may 

correlate with amyloid cytotoxicity. These undefined mechanisms raise the question 

about how Aβ interacts with membrane lipid and how amyloid causes cell and tissue 

damage. 

 
Figure 1-5.  Insertion of amyloid oligomer in membrane lipid bilayers.  

a b 

(a) AFM images of individual channel-like structure (Quist et al., 2005). (b) Cartoon of insertion of 

amyloid oligomers (light blue columns) across lipid bilayer (Zhao et al., 2006a). Copyright permission has 

been requested 

 

Lipid accelerates Aβ formation 

The aggregation process (Bokvist et al., 2004; Lau et al., 2006; Munishkina and 

Fink, 2007; Zhao et al., 2004) of Aβ peptides on membrane surfaces have been 

extensively explored with biophysical studies. With atomic force microscopy (AFM), 

direct impact of the nature of the lipid membranes and the property of the Aβ protein on 

Aβ aggregation rate and state have been observed (Lopes et al., 2007; Yip and McLaurin, 

2001). Even though the exact mechanism of membrane lipids accelerating amyloid 
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formation remains unknown, a binding process involving three steps (Figure 1-6) has 

been proposed (Aisenbrey et al., 2008; Durell et al., 1994). These steps involve:  

i) Amyloid β-peptide binds on the membrane surface through electrostatic interaction. 

Accumulating evidences suggest that electrostatic interaction is the main driving force for 

the Aβ–lipid interaction during the beginning process (Ikeda and Matsuzaki, 2008; Wong 

et al., 2009). For instance, neutral lipid or high salt concentration significantly inhibit Aβ 

binding on the model membranes (Simons et al., 1998); and electrostatic interactions 

have also been observed for membrane association with other toxins such as 

antimicrobial peptides and membrane-perturbing toxins (Seelig, 2004; Shai, 2002; 

Wieprecht et al., 2000).  

ii) The dynamic nature of the lipid bilayer allows bound amyloid monomers to adjust 

their conformation and position on membrane surface.  

iii) The increased local concentration of Aβ peptides on the membrane surface promotes  

 

i 

ii iii 

Figure 1-6. Illustration of Aβ binding and aggregation on lipid membranes.  

i) Electrostatic interactions drive the association of Aβ on the membrane surface (Durell et al., 1994); ii) the 

dynamic nature of the membrane allows rearrangement and conformational adaptation of the Aβ monomer; 

and iii) the increased local concentration promotes Aβ aggregation by hydrophobic interaction between 

monomers (Aisenbrey et al., 2008).  
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aggregation. The proximity of the Aβ-peptide on the membrane surface induces 

hydrophobic interactions between protein monomers and accelerates the aggregation rate  

(Bokvist and Grobner, 2007; Giacomelli and Norde, 2005). Even though these processes 

have not been fully exploited, tremendous studies have already demonstrated that the Aβ-

lipid interaction is highly correlated with amyloid cytotoxicity. 

 

Mechanism of amyloid cytotoxicity 

Amyloid toxicity has been found to be independent on sequence and protein amino 

acid chirality (Pastor et al., 2008), suggesting the generic feature of a certain aggregation 

state may be responsible for the toxicity (Kremer et al., 2000). Recently, the soluble 

intermediates such as oligomers and protofibrils have been identified to be toxic to cells 

through membrane permeabilisation (Zhao et al., 2006a). However, how these soluble 

species interact with the membrane to exert their pathological action is not clear. Several 

mechanisms regarding the interaction between amyloid and lipid membrane include: 1) 

Aβ peptides form ion channels, changing the conductance of membrane (Hirakura et al., 

1999; Lin et al., 1999); 2) Aβ aggregates upon binding on or inserting into the membrane, 

disrupting membrane integrity or/and fluidity (Kremer et al., 2000; Mason et al., 1999); 3) 

aggregated peptides initiate free radical production and lipid peroxidation, which may 

cause calcium ion accumulation and cell death (Butterfield et al., 1999); and 4) Aβ, as a 

normal and functional apolipoprotein, may cause AD features by changing lipid 

metabolism (Koudinov et al., 1998).  

Among these possible mechanisms of membrane-coupled toxicity, ion channel 

formation has been regarded as a major mechanism because of the accumulating evidence 

of pore structures and channel conductivity. Annular Aβ structures bound to the 
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membrane have been directly observed with AFM, consistent with Aβ forming channels 

or pores in the membrane (Lin et al., 2002). When Aβ–inserted vesicles were fused into 

planar bilayers, the β-sheet structured Aβ displayed single channel-like activity (de 

Planque et al., 2007). In addition, classical channel blockers could manipulate Aβ 

cytotoxicity (Simakova and Arispe, 2006). Moreover, when the membrane bilayer was 

treated with Aβ, membrane conductivity was significantly increased (Kourie et al., 2002; 

Quist et al., 2005), and the amount of calcium influx into cells dramatically increased 

(Demuro et al., 2005; Kawahara et al., 2000). The excess calcium in cells may stimulate 

apoptosis signaling to cause cell death, responsible for Aβ cytotoxicity. 

Increasing evidence has also been accumulated in support of the disruption of 

membrane integrity/fluidity. In the presence of aggregated Aβ, encapsulated dyes are 

released from phospholipid vesicles (Lehtonen et al., 1996; Terzi et al., 1997). 

Interestingly, phospholipids in several cases have been found to incorporate amyloid 

fibrils and disrupt the membrane (Domanov and Kinnunen, 2008; Muller et al., 1998; 

Muller et al., 1995; Sood et al., 2008; Zhao et al., 2006a; Zhao et al., 2005; Zhao et al., 

2004). In addition, the presence of Aβ is also accompanied with a change of membrane 

fluidity. The reduced membrane fluidity has been frequently observed upon addition of 

Aβ to mouse brain or human cortex membrane (Muller et al., 1998; Muller et al., 1995), 

or upon sonication of Aβ with phospholipid (Chauhan, 1993). Further, fluorescence 

studies demonstrated that an interaction between the hydrophobic patches of aggregated 

Aβ and hydrophobic alkanes of lipids reduced membrane fluidity (Kremer et al., 2001), 

and membrane fluidity was found to increase when Aβ was mixed with rat synaptic 

plasma membranes (Avdulov et al., 1997; Mason et al., 1999). These results all suggest 
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that Aβ-lipid interactions change membrane fluidity, directly or indirectly, impacting cell 

function.  

For both channel-formation and membrane fluidity/integrity disruption, insertion of 

Aβ into lipid bilayer plays a critical role. Auto-insertion of Aβ into membranes has never 

been observed directly, but MD simulations indicate that Aβ(1-40) could insert into the 

lipid bilayer by adopting a transmembrane orientation (Ashley et al., 2006). However, in 

vitro studies showed that Aβ peptides could intercalate into rat synaptic plasma 

membranes (Tischer and Cordell, 1996).  

So, what factors might regulate Aβ insertion and membrane permeability? Gafni et 

al. found that the Aβ-membrane binding and permeabilization were different processes 

(Figure 1-7) (Friedman et al., 2009; Mahalka and Kinnunen, 2009) and the binding was 

not sufficient for membrane permeabilization (Wong et al., 2009). Previous studies have 

established that membrane local environment strongly impact membrane 

permeabilization and amyloid toxicity since amyloid plaques are only observed in 

specific regions of the brain and they are toxic to only cerebral cortex and hippocampal 

cells (Selkoe, 2006). Lipids represent a most diverse class of biomaterials, and tens of 

thousands of different types of lipids have been found across mammalian cells and 

organelles (Kinnunen, 2009). Cholesterol, a common membrane component, has been 

found to be depleted in neuronal cell in AD patients and its impact on amyloid 

cytotoxicity has been debated. Cholesterol could promote neurodegenerative processes by 

promoting the activity of α-secretase to produce more amyloid peptide (Fassbender et al., 

2001; Kojro et al., 2001). A modulation of plasma cholesterol on membrane fluidity and 

Aβ/membrane interaction has also been identified. Dencher et al. (Dante et al., 2006) 
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found that adding cholesterol into membrane, the penetration capability of Aβ(25-35) into 

membrane was reduced or completely inhibited. In addition, the inverse correlation 

between membrane cholesterol and Aβ-cell surface binding and cell death has also been 

established by McLaurin et al. through fluorescence anisotropy, fluorescence microscopy 

and in situ scanning probe studies (Yip et al., 2001). These results suggest that AD may 

be attenuated by modulation of membrane composition. 

 

b c

a 

Figure 1-7. Proposed mechanisms of amyloid peptide binding, insertion and aggregation in the 

presence of lipid membranes (Friedman et al., 2009; Mahalka and Kinnunen, 2009). 

 (a) The whole process: i) Aβ binding on membrane surface through electrostatic interaction; ii) 

rearrangement and conformation change of Aβ on membrane surface; iii) insertion of Aβ in membrane 

bilayers; iv) aggregation of Aβ (Klimov and Thirumalai, 2003; Knight et al., 2006); v) intermolecular H-

bonding interaction within the oligomer; and vi) conformation switch from α-helix to β-sheet (Jahn and 

Radford, 2008).  

Computational illustration: (b) Aβ binding and alignment on membrane surface; and (c) Aβ insertion and 

aggregation. The color codes: red line, ribbon and bar represents random coil, α-helix to β-sheet, 

respectively; grey ball is membrane and blue/red dot stands for Aβ monomer. Copyright permission has 

been requested. 

 

Currently, a molecular understanding of Aβ-lipid membrane interaction remains 

poorly understood. Even though some computational studies shed some light on the 

atomic-level structure (Lemkul and Bevan, 2008), limited experimental evidence has 

been provided. Unfortunately, the heterogeneous species and interaction in lipid/Aβ 
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system in both in vivo and in vitro studies limits the application of NMR for structural 

characterization. Therefore, several questions remain to be answered: 

1) How do amyloid peptides and lipids interact in lipid bilayer? 

2) Do amyloid peptides and lipids form hybrid structures? How do amyloid fibrils 

accommodate lipid alkyl chains without structure disruption? 

3) Is the amyloid-lipid interaction condition-dependent? 

 

Molecular self-assembly based nanomaterials 

Although amyloid fibrils are the misfolded state of amyloid β-peptides, the self-

assembly offers a chance to develop novel nanomaterials with sub-nanometer precision 

through molecular recognition and assembly (Berl et al., 2000; Ramstrom et al., 2002). 

Certainly, many self-assembly systems have been developed with synthetically modified 

lipids, peptides and DNA (Hartgerink et al., 2001; Nowak et al., 2002; Petka et al., 1998; 

Schneider et al., 2002; Seeman, 2003; Seeman, 2004).  

 

Biomolecule-based self-assembly 

Phospholipids, the principle component of biological membranes, contain a 

hydrophilic head and a hydrophobic tail, and spontaneously self-assemble to membranes 

through hydrophobic interactions that bury the non-polar region in the bilayer center 

(Figure 1-8). 
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a b 

Figure 1-8. Bilayer structure of cell membrane (Robertson, 2002). 

(a) Micrograph of a thin section of human red blood cell. (b) The scheme of a lipid surfactant and the 

bilayer organization of phospholipids in the cell membrane. 

 

By modification of the head groups or changing the length or saturation of the 

alkane tail, the artificial lipid surfactants are able to self-assemble to micellar-based 

aggregates or bilayer sheet-based aggregates with desired properties. The head group 

could be a nucleotide group (Yanagawa et al., 1989), or a short peptide (Ihara et al., 1986; 

Yamada et al., 1984); and the tail could include a single chain (Kunitake et al., 1980), or 

two chains (Jin et al., 2005) (Cho and Park, 1987). For example, the synthetic lipids with 

oligo(L-glutamic acid) as the hydrophilic head group can spontaneously form helical or 

tubular structures in water (Figure 1-9) (Yamada et al., 1984). Interestingly, the self-

assembly of the oligo(L-aspartic acid) derivative involves a series of morphological 

transitions from globular aggregates, to fibril aggregates to ribbon-like aggregates (Ihara 

et al., 1986; Ihara et al., 2002). This discovery prompted the design and synthesis of new 

chiral lipids for nanofibril construction in water, which have been explored for new 

applications through coating with metals (Lvov et al., 2000). 
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Figure 1-9. TEM images of self-assemblies from lipid surfactants. 

(a) helix and (b) tubes (Yamada et al., 1984). Copyright permission has been requested. 

 

Peptides, due to their biocompatibility and structural diversity, extend the range of 

functions of self-assembled nanostructures (Shultz et al., 2000; Zutshi and Chmielewski, 

2000). A new type of surfactants, peptide-based surfactants, have been produced by 

substitution of lipid hydrophobic tail with nonpolar amino acid such as glycine, alanine, 

valine, leucine or isoleucine (von Maltzahn et al., 2003) as well as replacement of 

hydrophilic head with charged amino acid such as glutamic acid, aspartic acid, lysine, 

histidine or arginine. These peptide-based surfactants containing 7 to 12 amino acids can 

then have similar length, hydrophobicity and electrostatic interactions as the lipid 

surfactants (Santoso et al., 2002; Vauthey et al., 2002; von Maltzahn et al., 2003; Yang 

and Zhang, 2006). However, structural modification of peptide surfactants could be 

achieved much more easily by simply changing the length of the tail (nonpolar amino 

acid), the peptide sequence or the charged amino acid headgroup.  

A series of negatively charged peptide surfactants including V6D, V6D2, GnD2 

(n=4, 6, 8, 10) have been designed and synthesized (Santoso et al., 2002) for self-

assembly to provide nanovesicles or nanotubes with average diameter of 30-50 nm and 

large inter-connected networks (Figure 1-10) (Santoso et al., 2002; Vauthey et al., 2002; 
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von Maltzahn et al., 2003). Considering the structural similarity between peptide 

surfactants and lipid surfactants, a bilayer structural model of these nanostructures was 

proposed (Santoso et al., 2002; Vauthey et al., 2002), in which the hydrophobic tail was 

buried in the bilayer interface and hydrophilic head was exposed to water. In addition to 

better mimicking the phospholipid, phosphoserine (pS) has been introduced as a 

hydrophilic head to provide pSA6 or pSV6, which could form ordered nanostructures as 

phospholipids (Lu et al., 2004). Changing the head group charge from negative to the 

positive, such as V6K, V6K2 and A6K, did not change the self-assembly properties (von 

Maltzahn et al., 2003; Zhao et al., 2006b). These findings suggest that self-assembly of 

these peptide surfactants involves a common mechanism. 

 

Figure 1-10. Peptide-based surfactants and the corresponding self-assemblies (Vauthey et al., 2002).  

(a) Structure of a short peptide surfactant, (b) Structure model proposed for this lipid surfactant, (c) TEM 

image of tubes formed from this peptide-surfactant, (d) the EM image at low magnification. Copyright 

permission has been requested. 

 

Recently, Zhang’s group extended the self-assembly of peptide-surfactants to form 

donut-shaped nanostructures by designing a cone-shaped monomer with the mixed amino 

acid sequence (Figure 1-11). This result indicates that the geometry and shape of self-

assembled nanostructures can be finely tuned by different amino acid composition (Khoe 

et al., 2009). 
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a b c 

 

Figure 1-11. Nanodonut formatin from a cone-shaped peptide surfactant (Khoe et al., 2009).  

(a) Molecular model of the peptide Ac-GAVILRR-NH2 with cone-shape. (b) AFM image of nanodonut 

formed from 1 μM peptide in water and (c) the proposed structural model.  Copyright permission has been 

requested. 

 

Peptide-surfactants have many advantages as compared to conventional surfactants. 

For example, the peptide-surfactants could better dissolve and stabilize some membrane 

proteins and serve as excellent agents to crystallize some membrane proteins for structure 

characterization (Kiley et al., 2005; Zhao et al., 2006b). In addition, due to 

biocompatibility and biodegradability, these peptide surfactants have also proven to be 

safer encapsulating and delivery systems for some proteins, bioactive peptides, small 

drug molecules and nucleic acids (Aramburu et al., 1999; Norman et al., 1999). These 

indicate that peptide-surfactants are a class of promising building blocks with easily 

tuned structure and function for future application in bionanotechnology. 

By taking advantages of both lipids and peptide-surfactants, peptide-amphiphiles, 

as a new class of biomaterials, have been designed and constructed by substitution of the 

phosphate head group of lipids with peptide fragments (Beniash et al., 2005; Cui et al., 

2009; Hartgerink et al., 2001; Hartgerink et al., 2002; Tysseling-Mattiace et al., 2008). 

These peptide-amphiphiles can self-assemble into well-defined and predictable 
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nanostructures and in the past decade, the numerous peptide-amphiphiles have been 

developed for application in nanotechnology and tissue engineering (Guler et al., 2005; 

Haines et al., 2005; Hartgerink et al., 2001; Petka et al., 1998; Tysseling-Mattiace et al., 

2008).  

Outstanding contributions in this area have been made by Stupp and coworkers, who 

extensively studied the self-assembly structure of peptide-amphiphiles with diverse 

sequences (Behanna et al., 2005; Beniash et al., 2005; Bull et al., 2005; Cui et al., 2009; 

Hartgerink et al., 2001; Hartgerink et al., 2002; Hsu et al., 2008; Palmer and Stupp, 2008; 

Tysseling-Mattiace et al., 2008). Their peptide-amphiphiles are usually composed of four 

segments: 1) a hydrophobic tail, 2) a β-sheet forming segment, 3) a flexible linker, and 4) 

a cell adhesion group (Figure 1-12a, b). In their cylindrical fibrils, their structural model 

places all alkyl tails buried in the fibril interior with the peptide region at fibril outer 

surface adopting parallel arrangement along both hydrogen-bonding and lamination 

directions (Hartgerink et al., 2001) (Figure 1-12c). An important discovery in their 

studies is that the self-assembled morphology and structure are peptide-sequence 

independent, which offers more opportunities to design biomimetic materials with the 

incorporation of functional peptide fragments. For instance, the incorporation of a RGD 

fragment or the cell adhesion region in the fibrils leads to potential applications in tissue 

regeneration (Hartgerink et al., 2002; Hosseinkhani et al., 2006). With the introduction of 

peptide nucleic acid (PNA) into their peptide-amphiphile, molecular devices were 

constructed to specifically bind RNA (Guler et al., 2005). In addition, a single 

phosphorylated serine residue in the peptide region served as template to mineralize 

hydroxyapatite crystals, mimicking the bone generation by collagen fibers in nature 
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(Hartgerink et al., 2001). Furthermore, their peptide-amphiphile nanofibrils also provide 

an efficient scaffold to nucleate cadmium sulfide and template the growth of 

semiconductor crystals (Sone and Stupp, 2004). Lastly, functionalization of peptide-

amphiphile nanofibers with magnetic resonance activity broadens its application in 

medical science as diagnostics (Bull et al., 2005).  

 

 

Figure 1-12. Structure model of cylindrical fibers formed from peptide-amphiphile (Hartgerink et al., 

2001).  

(a) Chemical structure proposed for the peptide amphiphile with 5 different segments: 1) alkyl tail, 2) β-

sheet formation region and cross-linking segment, 3) flexible glycine linker, 4) phophorated serine as 

calcium ions binding site and 5) cell-adhesion region.  

(b) Molecular model of the corresponding peptide-amphiphiles. Color scheme: C, black; H, white; O, red; 

N, blue; P, cyan; S, yellow.  

(c) Cylindrical fibril model with all the alkyl chain buried in the fibril interior. Copyright permission has 

been requested. 

 

In addition, Fuhrhop et. al developed another family of peptide-amphiphile, known 

as bolaamphiphiles, through conjugation of two amino acids at both ends of an alkyl 

chain (Schneider et al., 2000). The dominant role of alkyl chains for the self-assembly 
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offers more chances to modify and functionalize the self-assembled nanostructures, 

which is a great advantage for the rational design of novel nanomaterials. 

In biological systems, proteins and peptides are major scaffold materials with a 

scale ranging from nano to macro levels. During the past decade, more and more research 

efforts have focused on the self-assembly of short peptides (Holmes, 2002). Many 

peptide-based self-assembly systems have been developed that display very interesting 

morphologies and properties. Some of these examples include hydrgels from artificial 

peptides (Petka et al., 1998; Schneider et al., 2002), nanotubes from Aβ peptide 

fragments (such as Aβ(16-22) (Lu et al., 2003; Mehta et al., 2008), phe-phe dipeptide 

(Ghosh et al., 2007; Reches and Gazit, 2003)) and D, L alternating cyclic peptides 

(Ghadiri et al., 1993), vesicles from Aβ(16-22) (Childers, unpublished), nanofibers from 

β-sheet peptide (Mehta et al., 2008; Morgan et al., 2002) and α-helical coiled-coil 

assemblies (Zimenkov et al., 2006). Their biocompatibility, immunogenicity and 

biodegradability secure the necessity of further exploration of peptide-based self-

assemblies for potential applications in tissue regeneration where the assembled fibril 

networks are used as scaffold for the cell growth (Silva et al., 2004), gene/drug delivery 

where the assembled nanostructures serve as carriers (Yan et al., 2007a), electronic 

mineralization where the peptide nanostructures serve as template to nucleate and grow 

the nanowires, and as material in the food science and cosmetic industry (Hartgerink et 

al., 2001; Reches and Gazit, 2003; Sone and Stupp, 2004; Yuwono and Hartgerink, 2007). 

These self-assembly systems include both synthetic and naturally occurring peptides, 

both of which may contribute significantly to the development of molecular engineering 

in nanotechnology. 
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Synthetic peptides have attracted great attention due to the easy accessibility of 

versatile peptides. Ghadiri and coworkers designed the first peptide nanotubes from a 

cyclic peptide with D- and L- alternated amino acids (Ghadiri et al., 1993; Horne et al., 

2005b). The planner rings of these cyclic peptides stack one by one to form a size 

controlled tubular structures (Figure 1-13). These tubes have already been used as 

transmembrane ionic channel (Ishida et al., 2001), antibacterial agents  (Fernandez-Lopez 

et al., 2001) and in molecular electronics (Horne et al., 2005a). Another short synthetic 

peptide with alternating positive and negative L-amino acids readily assembled to fibrils, 

which had been applied to tissue engineering and regeneration, such as serving as 

scaffold to support neural cell growth (Ellis-Behnke et al., 2006).  

  

a b

Figure 1-13. Structure model of peptide nanotubes formed from cyclic peptide (Ghadiri et al., 1993; 

Horne et al., 2005b).  

(a) Chemical structure of the D-, L-alternating peptide; (b) the tubes formed by stacking these flat rings 

with intermolecular hydrogen-bonds. Copyright permission has been requested. 

 

Naturally occurred peptides also offer the great opportunity for novel nanomaterial 

development. For example, amyloid peptides, even though their insoluble plaques are 

associated with degenerative diseases, offer diversified assembled morphologies ranging 
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from fibrils (Benzinger et al., 1998; Benzinger et al., 2000; Burkoth et al., 2000; Mehta et 

al., 2008), to nanotubes (Dong et al., 2006; Liu et al., 2008; Lu et al., 2003; Mehta et al., 

2008), sheets, particles (Dong et al., 2005) and vesicles (Childers, unpublished). The 

assembly of the short peptide KLVFFAE Aβ(16-22) could be tuned by incubation pH (Lu 

et al., 2003; Mehta et al., 2008), amino acid mutation (Lu, 2005) and terminal 

modification (Gordon et al., 2004). Moreover, specific surface properties also serve as 

template for nanowires fabrication (Figure 1-14a) (Kun Lu, 2004), silver nanowires 

(Reches and Gazit, 2003) (Figure 1-14b) and platinum nanoparticles (Song et al., 2004). 

 

a 
b

 

c 

Figure 1-14. Illustration of amyloid as scaffold or template (Cherny and Gazit, 2008).  

Formation of nanowires by (a) covalent or non-covalent binding of gold particles on the tube or fibril 

surface (Kun Lu, 2004), or (b) encapsulating the metal ion inside the tubes, which was reduced to form 

nanowires (upper panel) or addition of another metal particle to bind on the tube surface to make the 

coaxial metal wires (lower panel) (Scheibel et al., 2003); (c) The scheme showing how cationic dipeptide 

nanotube transports oligonucleotide into cells (Yan et al., 2007b). Copyright permission has been requested. 
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The N-terminal region of Sub35 also readily self-assembles to typical amyloid fibrils, and 

the incorporation of cystein residues successfully introduce reactive site to covalently 

couple with functional gold colloid. After silver enhancement, a conductive metal 

nanowire was prepared (Scheibel et al., 2003). Finally, the cationic peptide nanotubes 

formed from the N-terminal free phe-phe dipeptide has been shown to successfully 

transport DNA into cells (Figure 1-14c) (Yan et al., 2007b). 

 

General forces that govern cross-β self-assembly  

It is very important to uncover the driving forces which direct self-assembly not 

only for medical treatment of protein misfolding diseases, but also for fabrication of new 

materials. Several non-covalent interactions have already been identified to play certain 

roles for the peptide association, such as hydrogen-bonding (Bodles et al., 2004a; Doig et 

al., 2002; Hughes et al., 2000), hydrophobic effects (side chain or alkyl tail) (Gordon et 

al., 2004), electrostatic interactions (Mehta et al., 2008), Phe-Phe aromatic stacking 

(Reches and Gazit, 2003), cross-strand pairing (Liang et al., 2008b), van der Waals and 

metal coordination binding (Dong et al., 2006; Morgan et al., 2002). Although each of 

these interactions is weak and insignificant by itself, the combined forces may 

significantly drive the well-defined and stable 3D nanostructure formation (Zhao and 

Zhang, 2006). 

Hydrogen-bonding is recognized as one of the main driving forces for peptide 

assembly. In amyloid assembly, methylation of the peptide backbone amide not only 

inhibits the fibril formation, but destabilizes preformed fibrils (Bodles et al., 2004a; Doig 

et al., 2002; Hughes et al., 2000), and restricts the degree of assembly (Clark et al., 1998). 
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Aβ(25-35) readily self-assembles to amyloid fibrils, but G33 N-methylation completely 

inhibits fibril formation and reduced the toxicity of preformed fibrils (Doig et al., 2002; 

Hughes et al., 2001). A peptide fragment α-synuclein (residue 68-78) with backbone N-

methylation of G73 neither self-assembled into fibrils nor exhibited any toxicity to cells 

(Bodles et al., 2004b). Replacement of peptide backbone amide with an ester linkage also 

inhibits the amyloid fibril formation (Gordon and Meredith, 2003). Even within the 

peptide amphiphiles, methylation of the backbone amide close to the N-alkyl chain 

inhibits assembly (Paramonov et al., 2006). 

In addition, the side chain hydrogen-bonding also plays an important role in 

amyloid assembly and morphology. Glutamine/Asparagine are both involved in several 

neurodegenerative diseases including Huntington’s Disease (Chen et al., 2002) and spinal 

bulbar muscular atrophy (Skinner et al., 1998) as insoluble aggregates. Since glutamine 

and asparagine are the only two natural residues bearing amide group at the side chain, it 

has been hypothesized that they promote self-assembly via side chain hydrogen-bonding 

along a sheet (Marchut and Hall, 2006; Plumley and Dannenberg, 2010). 

In the Aβ peptide, E22Q Dutch-mutation (HCHWA-D) (Massi and Straub, 2001) 

with the more severe cerebrovascular Aβ deposition is observed. In vitro experiment, 

mutant (Aβ(1-40)E22Q) shows markedly enhanced toxicity (Davis and VanNostrand, 

1996) and Aβ fragments with this mutation (Aβ(13-26)E22Q) show higher aggregation 

rates (Clements et al., 1993). These results provided very strong evidence that hydrogen-

bond formation of glutamine side chain plays very important role for amyloid fibril 

formation. However, so far no experimental data have been provided to explain how 
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glutamines direct self-assembly or how they dictate the molecular-level structure within 

the corresponding self-assemblies. 

Hydrophobic effects are another important driving force for protein/peptide self-

assembly. In nature, this interaction drives numerous assemblies including micells, 

phospholipid membranes and folded proteins (Beniash et al., 2005; Cejas et al., 2008; 

Edelhoch, 1978; Hartgerink et al., 2001). In nanomaterials, hydrophobic effects drive 

peptide/polymeric surfactants and peptide-amphiphiles assembly (Selinger et al., 1996; 

Spector et al., 1996). For example, the peptide-amphiphiles studied by Stupp and 

coworkers usually form cylindrical fibrils through alkyl chain hydrophobic clustering 

(Figure 1-12). When a medium length alkyl chain (octanoyl group) is covalently coupled 

on the N-terminus of Aβ(16-22), the peptide orientation is switched from antiparallel to 

parallel (Gordon et al., 2004). Clearly, hydrophobic interactions can modulate self-

assembled morphology and structure.  

Electrostatic interactions are another important driving force that contributes to 

the molecular self-assembly through charge complementary. This concept has been 

extensively utilized in the rational design of novel nanomaterials since Zhang and 

coworkers first discovered the formation of a biologically mimic membrane from an ionic 

complementary peptide in 1993 (Zhang et al., 1993). Since then, Zhang and coworkers 

constructed several charged self-complementary systems (Figure 1-15), which self-

associate to form β-pleated sheet and further to larger supermolecular nanoarchitectures 

with great stability and functionality (Leon et al., 1998; Zhang et al., 1995). These novel 

nanomaterials have already been found in different applications such as tissue 

regeneration and drug delivery (Chen, 2005). 
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Another example for electrostatic interaction is the pH-dependence of Aβ(16-22) 

(KLVFFAE), which has two oppositely charged residues at peptide ends. At neutral pH, 

both lysine and glutamate are charged so that across-strand Lys16/Glu22 electrostatic 

interaction dictates antiparallel in-registry β-sheet fibril formation (Mehta et al., 2008). 

While at acidic pH, protonated glutamate weakens the electrostatic interaction and 

consequently allows Val18/Ala21 cross-strand pairing interaction to direct antiparallel  

 

 

a 

b 

Figure 1-15. Self-assembly from ionic complimentary peptides.  

(a) Chemical structure of EAK16-II. The three charge alternating patterns are listed with three models, such 

as − + − + − + − +, − − + + − − + +, and − − − − + + + +, respectively.  

(b) From left to right is the chemical model structure of a ionic peptide and the structural model to show the 

β-sheet formation with charge complementary. The AFM image shows the fibrils and the bulk sample 

looks like a transparent gel (Zhang, 2003). Copyright permission has been requested. 

 

 27



out-of register β-sheet nanotube formation (Mehta et al., 2008). These examples 

demonstrate the important contribution of ionic complementary along β-sheets, but it 

remains unclear whether electrostatic interactions stabilize sheet-sheet association to 

modulate assembly architecture. 

In addition, phe-phe aromatic interactions, cross-strand pairing and metal 

coordination have also been recognized in amyloid self-assembly. Many amyloidogenic 

peptide fragments contain one or more phenylalanines that promote amyloid self-

assembly via aromatic π-π stacking (Gazit, 2002; Kim and Hecht, 2006). The self-

assembly rate decreased following substitution of two phenylalanines in Aβ(1-42) with 

other hydrophobic residues (Kim and Hecht, 2006). Further studies showed that 

substitution of either phenylalanine in Aβ(16-22) disrupted the nanotube assembly (Lu, 

2005). These results suggest that the two phenylalanines in Aβ(16-22) may promote the 

lamination growth by stabilizing sheet-sheet stacking through π-π interactions (Jack et al., 

2006; Makin et al., 2005; Mehta et al., 2008). Either π-π stacking or facial 

complementarility seem important for amyloid assembly (Gorbitz, 2001; Gorbitz, 2006; 

Reches and Gazit, 2003). 

Recently, cross-strand pairing with size complementary has been systematically 

studied through substitution of the branched residue Valine18 in Aβ(16-22) with other 

residues (Liang et al., 2008b). It has been found that the size complementary between the 

branched residue and the small sized residue directs β-sheets registry and final self-

assembly morphology (Liang et al., 2008b). In addition, Dong et al. established that metal 

coordination within amyloid could significantly alter assembled morphology and peptide 

arrangement (Dong et al., 2006). Specifically, addition of Zn2+ to the peptide solution 
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(Aβ(13-21)K16A) changed the morphology from antiparallel β-sheet fibrils to parallel β-

sheet tubes and ribbons by the coordination of Zn2+ with two N-terminal histidines 

revealed by solid-state NMR characterization.  

 

Summary and the proposed strategies for pathological and 

nanotechnology studies 

Although much is now known about the energetic contributors to β-sheet stability and 

lamination, the Aβ(16-22) peptide has introduced an entirely new dimension to cross-β 

assembly and the peptide bilayer (Figure 1-16a-d) (Mehta et al., 2008). With the 

extensive structure characterization by transmission electron microscopy (TEM), atomic 

force microscopy (AFM), circular dichroism (CD), isotope-edited infrared spectroscopy 

(IE-IR), small angle x-ray scattering (SAXS) and solid-state nuclear magnetic resonance 

(ssNMR), the 3-D structure models have been proposed for Aβ(16-22) nanotubes and 

fibrils (Figure1-16e, f). However, the peptide bilayer interaction may play an important 

role as interactions occurring in H-bonding and lamination directions, but less 

information has been resolved from the previous studies. Even though assembled 

morphology and peptide organization have been observed with peptide terminal 

modification (Gordon et al., 2004; Liang et al., 2008a; Lu, 2005), no systematical studies 

of this interaction currently exists. This prompts us to explore the structure and stability 

of the peptide bilayer interaction on amyloid assembly.  
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Figure 1-16. Electron micrographs of Aβ(16-22)  nanotubes and fibrils, and their 3D structure 

models (Mehta et al., 2008). 

TEM images of (a) Aβ(16-22)  nanotubes assembled at acidic pH; (b) Aβ(16-22)  fibrils formed at neutral 

pH.  

Peptide β-sheet registry assigned based on ssNMR: (c) antiparallel one-residue out-of register β-sheet in 

nanotubes; (d) antiparallel in-register β-sheet in fibrils. 

3D structure model of (e) nanotubes with H-bonding distance of 5 Å and lamination distance of 10 Å 

(central bottom figure), and the bilayer structure was proposed in tube wall (central upper figure); and (f) 
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fibrils with same H-bonding and lamination distances, as well as bilayer structure. In tubes, there are about 

130 laminates, but in fibrils there are only limited (about 5 to 6) laminates. Copyright permission has been 

requested. 

 

Inspired by the aforementioned peptide-amphiphiles, hybridization of peptide 

segments and lipid alkanes, we proposed to initiate the systematical study of peptide 

terminal interaction by covalently coupling Aβ(16-22) with a series of alkanes with 

different length and degree of branching. This approach should probe the impact of 

structure at the peptide bilayer on amyloid morphology and architecture, and also help to 

address following questions:  

1) Will covalently coupled alkanes alter the assembly behavior of amyloid peptides? 

If amyloid peptide-lipid amphiphile forms hybrid assembly, where are the 

hydrophobic alkanes located?  

2) With increasing the alkane length, what kind of structure transition will be 

produced? If there is structure switch, is it caused by the alkane steric, 

hydrophobic or other interactions? 

3) Will tubes and fibrils share the same structural transition with same terminal 

modification?  

4) Will alkanes play the same role when they are coupled to N or C-terminus?  

5) Can the peptide layers within tube wall be tuned by peptide terminal modification? 

At the same time, covalent coupling of Aβ with lipid alkanes also offer us strategy 

to generate a simple, intramolecular system to study the hydrophobic interaction between 

Aβ peptide and lipid alkanes, which may shed light on the mechanism of amyloid 

cytotoxicity. In addition, the mechanism of glutamine side chain H-bonding interaction 

on amyloid assembly has also been experimentally evaluated and Aβ(10-35) strand 
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conformation within fibrils has been identified. With this information in hand, it becomes 

more promising and feasible for rational design of amyloid inhibitors for the treatment of 

degenerative diseases, as well construction of novel nanomaterials for the development of 

nanotechnology.  
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CHAPTER 2  

Amyloid Peptide / Lipid Chimeras Dictate Parallel 

β-Sheet Assembly: the Role of Electrostatics 

 

Introduction 

The peptide fragment Aβ of the APP protein associated with Alzheimer’s disease is 

created within neurons and assembles at the membrane phospholipid aqueous interface. 

Disruption of plasma membrane function, through the interaction between lipid and 

amyloid peptide, may be the central to neurotoxicity of amyloid in amyloid-related 

diseases (Anguiano et al., 2002; Demuro et al., 2005; Janson et al., 1999). The structural 

characterization of any co-assemblies of Aβ with phospholipid in vivo is very limited. 

Fortunately, Aβ does assemble in vitro, which offers great opportunity to study the 

interaction of lipids with Aβ (Domanov and Kinnunen, 2008) during and following 

assembly. In that regard, Meredith et. al (Gordon et al., 2004) covalently attached simple 

linear alkane fatty acids to the central core of Aβ peptide and found that introduction of 

octanoyl group at the N-terminus of Aβ(16-22) (N-octanoyl-Aβ(16-22)) switched the 

peptide orientation from antiparallel to parallel at neutral pH. They proposed that 

hydrophobic interaction between alkyl chains overwhelmed the charge repulsions from 

N-Lysine and C-Glutamate residues to direct the peptide orientation (Beniash et al., 2005; 

Bull et al., 2005; Gordon et al., 2004; Hartgerink et al., 2001; Hartgerink et al., 2002).  
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The studies by Meredith et al did not consider the β-sheets stacking interactions that 

are essential to fibril assembly and stability, nor did they localize the alkyl chains within 

the assemblies. Several possible stacking arrangements might operate with specific alkyl 

chain positions and conformations, as precedented in the literature models such as 

cylindrical “worm-like” micelle fibril model (Hartgerink et al., 2001; Hartgerink et al., 

2002) and β-sheet bilayer models (Lu et al., 2003; Mehta et al., 2008). In all of these 

 

Figure 2-1. Structural models proposed for fibrils with N-terminal long alkyl chain.  

In cylindrical fibril, (a) all the alkyl chains are buried in the center of fibrils with positive charges (red).  

In the parallel β-sheet bilayer models, all the alkyl chains are buried in the bilayer with either (b) folded 

chains, (c) extended interdigitating chains or (d) extended alkyl chains that do not interdigitate, constrained 

by the H-bonding repeat distance of 4.7 Å.  

In the fibril model, the negative charges (blue) are distributed at the outer edge surfaces and positive 

charges (red) are at the middle of fibrils. The positively-charged lysines and negatively charged glutamates 

are highlighted with red + and blue -, respectively. At neutral pH, both residues are charged and at acidic 

pH, only the lysine side chain is charged.  
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models, the self-assembly is entropically driven with hydrophobic segments buried in the 

bilayer/micelle interface to avoid water exposure (Hartgerink et al., 2001; Vauthey et al., 

2002). Specifically, in the cylindrical “worm-like” model (Figure 2-1a), all the alkyl 

chains are buried within the fibril interior (Hartgerink et al., 2001; Hartgerink et al., 

2002). In the β-sheet bilayer models (Figure 2-1b-d), packing of alkyl chains must be 

choreographed with the spacing of peptides in a cross-β configuration, either through 

interdigitation of the chains (Figure 2-1c) or some packing arrangement to fill the bilayer 

interface (Figure 2-1b, d) that would optimize alkyl chain packing. However, according 

to these models, the parallel sheets stacking places all lysines and all glutamates together 

at opposite ends, resulting in strong and energetically unfavorable charge repulsions that 

must be explained. 

The presence of lysine and glutamate drives the pH-dependence of the self-

assembled morphology and peptide arrangement of N-acetyl-Aβ(16-22). This peptide 

forms tubes with antiparallel one residue out-of register β-sheets at acidic pH and fibrils 

with antiparallel in-register β-sheets at neutral pH due to the electrostatic interactions (Lu 

et al., 2003; Mehta et al., 2008). Considering that the ionic complementary interaction 

appears to be a major force directing the β-sheet formation, it became necessary to 

consider other structural models. For example, if the charge interaction between lysine 

and glutamate plays a critical role in the structural transitions of amyloid assembly, and 

N-octanoyl-Aβ(16-22) parallel β-sheets in Meredith case could stack with antiparallel 

orientation with lysine and glutamate forming salt-bridge across-sheets (Figure 2-2), this 

arrangement exposes half of alkyl chains to water. 

The fact that stable fibrils were formed from N-octanoyl-Aβ(16-22) suggests that  
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Figure 2-2. Proposed structural model for parallel β-sheet with antiparallel sheets stacking 

orientation.  

The parallel β-sheets stack with antiparallel orientation to place the N-terminal lysine (positive charge, red 

+) close to C-terminal glutamate (negative charge, blue -) with half of alkyl chains (black line) exposed to 

the medium. In the right panel zoom in Figure, two sheets stack together with lamination distance of 9.8 Å 

and H-bonding distance of 4.7 Å.  

 

hydrophobic interaction between alkyl chains in the parallel sheets orientation may 

overcome the charge repulsion or that charge attraction across the sheet in the antiparallel 

sheets orientation may overwhelm the repulsive interaction of alkyl chains with the 

aqueous medium. In order to determine the contributions of the hydrophobic interaction, 

charge repulsion, and charge attractive interactions, we have designed two sets of 

experiments. The first involves probing the hydrophobic interaction by capping with a 

systematic range of alkyl chains at the N-terminus of Aβ(16-22). This approach should 

identify systematic patterns as the hydrophobic interaction begins to overwhelm the 

electrostatic forces. Second, the cross-sheet charge interaction between the lysine and 
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glutamate has been systematically modulated through shortening the lysine side chains by 

one carbon atom in each of several analogs. These modifications should identify patterns 

that highlight the contributions played by each of these interactions. 

 

Results 

Is the self-assembled morphology altered by addition of alkyl chains at 

neutral pH? 

A full series of alkyl chains were introduced at the N-terminus of Aβ(16-22) by 

amidation of the N-terminal amino acid with commercially available fatty acids in the 

last step of conventional solid phase peptide synthesis. These resulting chimerical 

peptides were more hydrophobic than the peptide alone, but could be easily purified by 

HPLC and characterized by MALDI-mass spectroscopy (see methods). At neutral pH 

(40% acetonitrile / water with 15 mM pH6 MES buffer), all the peptides N-X-Aβ(16-22) 

(X = acetyl to palmityl group) form fibrils (Figure 2-3). The similar fibril morphologies 

might suggest that no significant peptide registry changes occur with different N-alkane 

substitutions. However, the N-acetyl-Aβ(16-22) fibrils assemble as transparent gels, 

while N-propyl to N-palmityl fibrils precipitate from the aqueous solution. This 

precipitation may arise from exposure of a more hydrophobic surface that would mediate 

precipitation rather than gellation.  
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Figure 2-3. Electron micrographs of N-X-Aβ(16-22) (X=acetyl to palmityl) fibrils  assembled at 

neutral pH.  

(a) N-acetyl-Aβ(16-22), (b) N-propyl-Aβ(16-22), (c) N-butyl-Aβ(16-22), (d) N-isobutyl-Aβ(16-22), (e) N-

valeryl-Aβ(16-22), (f) N-caproyl-Aβ(16-22), (g) N-octanoyl-Aβ(16-22), (h) N-pelargyl-Aβ(16-22), (i) N-

decanoyl-Aβ(16-22), (j) N-lauryl-Aβ(16-22), (k) N-myristyl-Aβ(16-22), (l) N-palmityl-Aβ(16-22). 

In each case, 1.0 mM peptide was incubated in the presence of 40% acetonitrile / water with 15 mM pH6 

MES buffer at room temperature for 1 week. The EM samples were prepared by staining the fibrils with 

2% uranyl acetate for 2 min, followed by drying in a desiccator overnight before imaging. 

 

Does the N-terminal alkyl chain alter the peptide arrangement along the 

sheets? 

To probe the impact of N-alkanes on peptide arrangements within β-sheets, [1-13C]-

labeled amino acids were incorporated into Aβ(16-22) to evaluate the off-resonance 

coupling across the entire 12C coupling network (Halverson et al., 1991). The 13C amide I 
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k l j 
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e f 
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stretch red-shift is largest when 13C-components are aligned along the β-sheet (Paul and 

Axelsen, 2005; Paul et al., 2004), and in this situation the 12C component also shifts to 

higher wave numbers. The difference between 12C and 13C bands therefore reflects the 

extent of the packing along the entire β-sheets and the relative position of the 13C isotope 

(Paul et al., 2004). The Isotope-Edited (IE)-IR spectra of N-acetyl-Aβ(16-22) fibrils (Lu 

et al., 2003; Mehta et al., 2008) is consistent with antiparallel in-registry β-sheets (Figure 

2-4a), which has been verified by solid state NMR (ssNMR) (Mehta et al., 2008), and 

confirmed that the [1-13C] F19 label provides characteristic backbone carbonyl coupling 

of the fibril assembly. The IR spectra of peptides containing this label show the 

characteristic antiparallel shoulder band at 1693 cm-1 (Figure 2-4) (Miyazawa, 1960) for 

N-acetyl-Aβ(16-22) fibrils only; while IR spectra of the rest of fibrils from N-propyl to 

N-palmityl display the lower wavenumber shoulder band at 1678 cm-1, indicating of 

parallel β-sheets (Gordon et al., 2004). This finding suggests that a morphological 

transition from antiparallel to parallel occurs at N-propyl-Aβ(16-22) rather than N-

octanoyl-Aβ(16-22). The band splitting magnitude, plotted as a function of the N-

terminal capping group carbon number (Figure 2-4b), reveals another transition, which 

takes place between N-isobutyl and N-valeryl (Figure 2-4b), implying the longer alkyl 

chains alter the peptide stacking within β-sheet. N-acetyl-Aβ(16-22) fibrils and a lower 

parallel β-sheets wave number band at 1678 cm-1 (Gordon et al., 2004) for the rest of 

fibrils including N-propyl to N-palmityl Aβ(16-22).  
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Figure 2-4. Isotope-edited IR spectra amide I region of fibrils at neutral pH.  

(a) The stacked amide I region spectra with the bands at 1690 cm-1, 1635 cm-1 and 1606 cm-1 highlighted 

with dashed lines. (b) The plot of 12C / 13C splitting amplitude as a function of N-alkyl chain carbon number.  
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Does the peptide orientation switch at N-propyl? 

The FT-IR spectra shown in Figure 2-4 are of fibrils containing short N-terminal 

alkyl chains. The linear N-propyl-Aβ(16-22) and branched N-isobutyl-Aβ(16-22) are of 

similar chain length and share the same high wave number amide I band at 1678 cm-1 as 

the longer alkyl chain (N-octanoyl to N-palmityl) chimeras. To explore how this subtle 

substitution might change the peptide arrangement, [1-13C] L17-labeled N-propyl and N- 

isobutyl-Aβ(16-22) were analyzed and compared with that of N-acetyl-Aβ(16-22) 

(antiparallel in-registry (Mehta et al., 2008)) and N-octanoyl-Aβ(16-22) (previously 

assigned as parallel in-registry (Gordon et al., 2004)) fibrils. Figure 2-5 depicts that FT- 
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Figure 2-5. Stacked FT-IR amide I region spectra of [1-13C] L17-labeled fibrils.  

N-acetyl-, N-propyl-, N-isobutyl- and N-octanoyl-Aβ(16-22) fibrils were prepared by incubation 1.0 mM 

peptides at neutral pH in 40% acetonitrile / water with 15 mM pH6 MES buffer for 1 week. The bands at 

1676 cm-1, 1635 cm-1 and 1606 cm-1 are highlighted with dashed lines. 
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IR spectra of N-propyl, N-isobutyl and N-octanoyl-Aβ(16-22) fibrils have the same high 

absorbance wave number band at 1676 cm-1 and same amide I band splitting magnitude 

of 29 cm-1, all of which are distinct from N-acetyl-Aβ(16-22) fibrils. 

 

What is the peptide arrangement within β-sheets for the N-propyl- to N-

palmityl-Aβ(16-22) fibrils at neutral pH? 

To evaluate the peptide arrangement within fibrils, N-isobutyl-Aβ(16-22) was 

selected as representative and further characterized with solid-state NMR using dipolar 

recoupling with a windowless sequence (DRAWS) experiments, which works by 

measuring the distance between 13C (Benzinger et al., 1998; Benzinger et al., 2000; 

Bower et al., 1999; Gregory et al., 1997). According to the model in Figure 2-6a, the  

 

Figure 2-6. ssNMR DRAWS measurement profile of N-isobutyl-Aβ(16-22) [1-13C]L17 parallel β-

sheets.  

(a) The parallel β-sheets model showing the predicted 4.7 Å between L17 carbonyls (black beads). Color 

codes: carbon (gray), oxygen (red), nitrogen (blue) and 13C (black).  

(b) DRAWS dipolar recoupling data (black square) collected on [1-13C] L17-labeled N-isobutyl-Aβ(16-22) 

fibrils. The solid and dashed lines are the data fitting curves from which the distances were determined. 

 

a 
b



distance between L17 carbonyls is 4.7 Å for parallel in-registry, while the longer distance 

of 10 Å in antiparallel in-registry β-sheets could not be obtained by DRAWS due to the 

detection limit of 6-7 Å. As shown in Fig 2-6b, [1-13C] L17-labeled N-isobutyl-Aβ(16-22) 

fibrils dephasing best fit to a distance of 4.7 Å, confirming the isotope-edited IR data of a 

parallel in-registry β-sheets within the fibrils (Figure 2-5). 

 

Does N-terminal alkyl chain interaction direct parallel β-sheet 

formation? 

At neutral pH, N-X-Aβ(16-22) with alkane X longer than acetyl group (C2) 

apparently overwhelms the electrostatic constraint and switches the peptide orientation in 

the sheet from antiparallel to parallel. It is possible to eliminate the electrostatic 

contribution with N-octanoyl-Aβ(16-22)E22L substitution, and N-acetyl-Aβ(16-22)E22L 

was selected as a control based on previous work on this chimera (Lu, 2005). The N-

octanoyl-Aβ(16-22)E22L forms small nanotubes with a radius of 19 nm at neutral pH 

(Figure 2-7c), slightly smaller than N-acetyl-Aβ(16-22) nanotubes at acidic pH (Lu, 2005; 

Mehta et al., 2008). FT-IR amide I spectra of [1-13C] L17-labeled N-octanoyl-Aβ(16-22) 

E22L, N-octanoyl-Aβ(16-22) and N-acetyl-Aβ(16-22) are shown in Figure 2-7. At 

neutral pH, a high wave number band at 1676 cm-1 for parallel β-sheets was observed for 

N-octanoyl-Aβ(16-22) fibrils (Figure 2-7d). However, the IR spectra of N-octanoyl-

Aβ(16-22)E22L tubes at neutral pH show the antiparallel diagnostic high wave number 

shoulder band at 1691 cm-1, along with identical 12C and 13C splitting as N-acetyl-Aβ(16-

22) nanotubes at acidic pH, supporting the antiparallel β-sheets with one-residue out-of 

registry at neutral pH (Mehta et al., 2008). 
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Figure 2-7. TEM images and IE-IR amide I spectra of leucine-substituted fibrils. Structures of N-

acetyl-Aβ(16-22), N-octanoyl-Aβ(16-22) and N-octanoyl-Aβ(16-22)E22L at neutral pH. The terminal 

capping group is highlighted in red and the protonation state of lysine and glutamine at neutral pH are 

highlighted in red + and blue -, respectively.  

The electron micrographs of fibrils and tubes formed from 1.5 mM (a) N-acetyl-Aβ(16-22), (b) N-octanoyl-

Aβ(16-22) and (c) N-octanoyl-Aβ(16-22)E22L in 40% acetonitrile / water with 15 mM pH6 MES buffer at 

room temperature for 2 weeks.  

The proposed peptide arrangement for each peptide based on the IR spectra is presented on the bottom of 

the EM images.  

(d) IE-IR amide I band of [1-13C] L17-labeled N-acetyl-Aβ(16-22), N-octanoyl-Aβ(16-22) and N-octanoyl-

Aβ(16-22)E22L at acidic or neutral pH. The dashed lines are used as a reference for the 1691 cm-1, 1629 

cm-1 and 1610 cm-1 bands of the N-acetyl-Aβ(16-22) nanotubes.  

1450150015501600165017001750

 

Wavenumber cm-1

1610

1691

N-acetyl-A16-22)
acidic pH

N-acetyl-A16-22)
neutral pH

N-octanoyl-A16-22)
neutral pH

1629

1676

N-ocantoyl-A16-22)
E22L neutral pH

H
N

K+

L

V

F

F

A

E-

NH2

a b c

+KLVFFAE- 
-EAFFVLK+ 
+KLVFFAE- 

+KLVFFAE- 
+KLVFFAE- 
+KLVFFAE-

+KLVFFAE- 
    -EAFFVLK+ 
+KLVFFAE- 

O
O O

d 



 61

Does the cross-sheet electrostatic interaction modulate the peptide 

arrangement? 

To evaluate the role of cross-sheet charge attraction for the peptide orientation 

switch, the electrostatic interaction strength was modulated by shortening the lysine side 

chain. Four lysine analogs with different side chain length (Figure 2-8) were synthetically 

incorporated into N-isobutyl-Aβ(16-22).  

 

Figure 2-8. Chemical structure and side chain length of lysine analogs. 

The abbreviations of each analog are placed on the top of each structure: Lys = lysine, Orn = ornithine, Dab 

= 2, 4-Diaminobutyric Acid and Dpr = 2, 3-Diaminopropionic acid. The predicted side chain length is 

estimated with ChemDraw and presented on the bottom of each analog.  

 

At acidic pH, all four peptides form nanotubes (Figure 2-9a-d). And the FT-IR 

spectra of [1-13C] F19-lableled nanotubes display the exact same high wave number band 

and amide I band stretches with 12C at 1639 cm-1 and 13C at 1599 cm-1 (Figure 2-9a), a 

diagnostic absorbance for antiparallel one-residue out-of registry. The same self-

assembly morphology and peptide arrangement demonstrate that shortening lysine side 

chain has less impacts on the peptide self-assembly properties. 

6.3Å 5.0Å 3.8Å 2.5Å 

Side chain length: 

H2N

Lys Orn Dab Dpr

COOH H2N COOH H2N COOHH2N COOH

NH2

H2N

NH2

H2N



 62

tic interaction between glutamate and lysine analogs 

bly morphology as well as peptide arrangements. For 

(16-22)Lys16 and N-isobutyl-Aβ(16-22)Lys16Orn form fibrils 

β(16-22)Lys16Dab and N-isobutyl-Aβ(16-

s (Figure 2-9g-h) instead of fibrils. 

 

Figure 2-9. TEM images of lysine substituted self-assemblies and the corresponding FT-IR spectra.  

TEM images of negatively stained N-isobutyl-Aβ(16-22) Lys16X assemblies: nanotubes formed at acidic 

pH: (a) N-isobutyl-Aβ(16-22) Lys16, (b) N-isobutyl-Aβ(16-22) Lys16Orn, (c) N-isobutyl-Aβ(16-22) 

Lys16Dab, (d) N-isobutyl-Aβ(16-22) Lys16Dpr and fibrils at neutral (pH6) pH (e) N-isobutyl-Aβ(16-22) 

Lys16, (f) N-isobutyl-Aβ(16-22) Lys16Orn, (g) N-isobutyl-Aβ(16-22) Lys16Dab, (h) N-isobutyl-Aβ(16-22) 

Lys16Dpr. In each case, 1.5 mM peptide was incubated in 40% acetonitrile / water with either 0.1% TFA 

or 15 mM MES (pH6) for 2 weeks.  

FT-IR spectra amide I region of [1-13C] F19-labeled N-isobutyl-Aβ(16-22) Lys16X (i) nanotube and (j) 

fibrils. The preformed assemblies were pelleted, frozen and lyophilized to yield white powder, pressed with 

KBr for the spectra analysis. The peptide arrangement AI is the abbreviation of A

At neutral pH, the electrosta

leads to a very different self-assem
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(Figure 2-9e, f), while N-isobutyl-A
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Interestingly, these self-assemblies display different FTIR amide I bands (Figure 2-9j), 

which can be categorized into three groups. Group I includes the N-isobutyl-Aβ(16- 

22)Lys16 fibrils with high wave number shoulder band at 1678 cm-1, indicative of 

parallel peptide orientation. Group II comprises of N-isobutyl-Aβ(16-22)Lys16Orn fibrils 

with antiparallel diagnostic band at 1695 cm-1. In addition, the amide I band of [1-13C] 

F19-labeled N-isobutyl-Aβ(16-22)Lys16Orn fibrils splits into two components, one at 

1604 cm-1 for 13C and the other at 1635 cm-1 for 12C, implying antiparallel in-registry β-

sheets within fibrils. The group III, including N-isobutyl-Aβ(16-22)Lys16Dab tubes  and 

N-isobutyl-Aβ(16-22)Lys16Dpr sheets, presents a weak shoulder at 1695 cm-1 with 

migration of 13C component to 1599 cm-1, characteristic of antiparallel with one residue 

out-of registry β-sheets (Mehta et al., 2008). The self-assembly morphologies and peptide 

arrangements in the final self-assemblies could be regulated by tuning the length between 

the opposite charged groups. 

To further examine the general correlation between peptide arrangement and the 

distance of charged groups, the four lysine analogs have been synthetically incorporated 

into N-acetyl-Aβ(16-22) and N-lauryl-Aβ(16-22), respectively. At acidic pH, all eight 

peptide congeners formed nanotubes (Figure 2-10a-h). The [1-13C] F19-labeled tubes 

have similar band patterns at the same position with 13C component shifting to 1597 cm-1 

(Figure 2-10i-j), which is assumed to be antiparallel one residue out-of registry  β-sheets 

(Mehta et al., 2008).  

The impact of lysine side chain length on the self-assembly at acidic pH was further 

evaluated by electron diffraction analysis of N-acetyl-Aβ(16-22)Lys16X nanotubes. As 

shown in Figure 2-11, all four tubes display the similar diffraction pattern with tilt angles 
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(half of the angle between two H-bonding arcs) of 52 ±  1o, and H-bonding and 

lamination repeating distances of 4.7 Å and 9.8 Å, respectively. 

Figure 2-10. TEM images and FT-IR spectra amide I region of N-acetyl-Aβ(16-22)Lys16X and N-

lauryl-Aβ(16-22) Lys16X at acidic pH.  

TEM images of (a) N-acetyl-Aβ(16-22) Lys16, (b) N-acetyl-Aβ(16-22) Lys16Orn, (c) N-acetyl-Aβ(16-22) 

Lys16Dab, (d) N-acetyl-Aβ(16-22) Lys16Dpr, (e) N-lauryl-Aβ(16-22) Lys16, (f) N-lauryl-Aβ(16-22) 

Lys16Orn, (g) N-lauryl-Aβ(16-22) Lys16Dab and (h) N-lauryl-Aβ(16-22) Lys16Dpr. In each case, 1.5 mM 

peptide was incubated in 40% acetonitrile / water with 0.1% TFA for 2 weeks.  

FTIR amid I band of [1-13C] F19-labeled (i) N-acetyl-Aβ(16-22)Lys16X nanotube and (j) N-lauryl-Aβ(16-

22)Lys16X nanotubes. The preformed nanotubes were bundled with sulfate with peptide to sulfate ratio of 

1 to 10 before being pelleted, frozen and lyophilized and the yielded white powder was pressed with KBr 

for the spectra analysis. 
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Figure 2-11. Electron diffraction of N-acetyl-Aβ(16-22)Lys16X nanotubes at acidic pH.  

(a) N-acetyl-Aβ(16-22)Lys16, (b) N-acetyl-Aβ(16-22)Lys16Orn, (c) N-acetyl-Aβ(16-22)Lys16Dab, and (d) 

N-acetyl-Aβ(16-22)Lys16Dpr. The peptide repeating distances and tube tilt angles (the angle between two 

H-bonding direction) were labeled. Two pairs of orthogonal arcs were highlighted with solid and dashed 

lines, respectively. The black / white line cross the center is the technique artifact.  

 

At neutral pH, different self-assembly morphologies (Figure 2-12a-h) and peptide 

arrangements (Figure 2-12i-j) have been observed. By shortening lysine side chain, both 

N-acetyl-Aβ(16-22)Lys16X and N-lauryl-Aβ(16-22)Lys16X make a transition from 

fibrils to sheets (Figure 2-12a-h). In addition, the IR spectra of [1-13C] F19-labeled 
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N-

lauryl-Aβ(16-22) Lys16X at neutral pH.  

TEM images of negatively stained N-acetyl- and N-lauryl-Aβ(16-22)Lys16X fibrils assembled at neutral 

pH. The first row from left to right is (a) N-acetyl-Aβ(16-22)Lys16, (b) N-acetyl-Aβ(16-22)Lys16Orn, (c) 

N-acetyl-Aβ(16-22)Lys16Dab and (c) N-acetyl-Aβ(16-22)Lys16Dpr. The bottom row is (e) N-lauryl-

Aβ(16-22)Lys16, (f) N-lauryl-Aβ(16-22)Lys16Orn, (g) N-lauryl-Aβ(16-22)Lys16Dab and (h) N-lauryl-

Aβ(16-22)Lys16Dpr. In each case, 1.0 mM peptide was incubated in 40% acetonitrile / water with 15 mM 

MES buffer (pH6) for 2 weeks.  

FTIR amid I band of [1-13C] F19-labeled (i) N-acetyl-Aβ(16-22)Lys16X and (j) N-lauryl-Aβ(16-

22)Lys16X. The preformed nanotubes were pelleted, frozen and lyophilized and the yielded white powder 

was pressed with KBr for the spectral analysis.  

The peptide arrangement AI is the abbreviation of A

Figure 2-12. TEM images and FT-IR spectra amide I region of N-acetyl-Aβ(16-22)Lys16X and 

ntiparallel In-registry, AO is for Antiparallel Out-of 

registry and PI is for Parallel In-registry. 
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peptides (Figure 2-12i) show that the peptide arrangement of N-acetyl-Aβ(16-22)Lys16X 

undergoes a switch from antiparallel in registry β-sheets (X = Lys and Orn) to antiparallel 

out-of registry β-sheets (X = Dab and Dpr). While the peptide arrangements in N-lauryl-

Aβ(16-22)Lys16X self-assemblies could be classified into three groups (Figure 2-12j): 1) 

parallel in-registry (X = Lys), 2) antiparallel in-registry (X = Orn and Dab) and 3) 

antiparallel out-of registry (X = Dpr). The similar structure transitions of these three 

different peptides demonstrate that the cross-sheet charge interaction is critical to 

modulate the peptide arrangement within self-assemblies. 

 

Do N-terminal alkyl chains alter the distribution of lysine on the fibril 

surface? 

N-acetyl-Aβ(16-22) antiparallel β-sheet fibrils have been reported to bind 

specifically with negatively-charged gold colloids (Kun Lu, 2004). Lysine residues in the 

parallel β-sheet fibrils, however, may be completely buried interior of the fibril (Figure 2-

1) or blocked from access to the solvent by the N-terminal long alkyl chain (Figure 2-2). 

To investigate the surface properties of parallel β-sheet fibrils, negatively-charged gold 

nanoparticles, prepared by following the protocol of Kun (Kun Lu, 2004), were mixed 

with these fibrils. Figure 2-13 shows images of fibrils containing different N-alkyl chains, 

in which very high gold-binding specificity was found for all fibrils. The N-long alkyl 

chains (N-lauryl, N-palmityl) have no apparent impacts on gold nanoparticle association 

with the fibril surface, which suggests that the N-terminal alkyl chains are not extended, 

but buried within fibrils. 
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Figure 2-13. TEM images of gold-bound fibrils.  

(a)N-acetyl-Aβ(16-22), (b) N-lauryl-Aβ(16-22) and (c) N-palmityl-Aβ(16-22) gold-bounded fibrils without 

uranyl acetate staining.  

The preformed fibrils (1.0 mM in 40% acetonitrile with 15 mM pH6 MES buffer) were mixed with 

negatively charged gold colloids in a ratio of 1 : 10 (peptide : gold colloid). After one hour incubation at 

room temperature, the mixed sample was centrifuge to remove the unbounded gold particles in supernatant 

and the pellet was resuspended and prepared for EM analysis.  

 

Does the N-terminal alkyl chain alter the peptide repeat distances? 

If the N-terminal alkyl chains are buried between or within the sheets, the peptide 

repeat distances along lamination or the hydrogen-bonding distances should be different. 

The X-ray diffraction shows that 4.7 Å hydrogen-bonding distance d-spacing was 

conserved for all the samples (Figure 2-14). However, only one lamination repeating 

distance (LRD) was observed at 11.0 Å for short N-alkyl chain substitution such as N-

propyl-Aβ(16-22). Two LRD d-spacings, one at 9.8 Å and another ranging from 11.0 Å 

to 13.3 Å (Figure 2-14) were found for the long alkyl chain capped fibrils, from N-butyl-

Aβ(16-22) to N-palmityl-Aβ(16-22), consistent with two distinct sheets stacking 

interfaces. 

a b c
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Figure 2-14. X-ray diffraction of N-substituted fibrils at neutral pH.  

X-ray diffraction of the assemblies at neutral pH: (a) N-propyl-Aβ(16-22), (b) N-butyl-Aβ(16-22), (c) N-

valeryl-Aβ(16-22), (d) N-octanoyl-Aβ(16-22), (e) N-decanoyl-Aβ(16-22), (f) N-lauryl-Aβ(16-22), (g) N-

myristyl-Aβ(16-22) and (h) N-palmityl-Aβ(16-22).  

(i) The plot of hydrogen-bonding (blue diamond) and lamination distances (purple square and yellow 

triangle for the short and long lamination distance, respectively) as function of the N-terminal capping 

group carbon number.  

In each case, 1.0 mM peptide was incubated in in 40% acetonitrile with 15 mM pH6 MES buffer for 1 

week. 

 

ssNMR characterization of -sheet stacking 

The data obtained from above three experiments (shortening lysine side chain, gold-

binding and X-ray diffraction) strongly suggest the antiparallel sheets stacking with 

proximity between lysine and glutamate in the parallel β-sheet fibrils (Figure 2-15). To 

further evaluate this crude structural model, solid-state NMR is essential to measure the 

distance between sheets. However, the lamination backbone distance in fibrils ranging 

from 9.8 Å to 13.3 Å (Figure 2-14) is far beyond the detection limitation of the rotational-

echo double-resonance (REDOR), which is usually employed to measure the distance 

between [1-13C] to [15N] (Mehta et al., 2008). In order to overcome REDOR detection 
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limits, the new strategy employing isotope-labeling on the side chains instead of 

backbone is developed. As shown in the model in Figure 2-15, the Leu17 side chain is 

close to Ala21 backbone so that the side chain at the 17th position was labeled by 

substitution of leucine with 13C-labeled N-methyl glutamine due to its easier access. The 

other isotope is introduced at A21 backbone with commercially available [15N] Ala. 

Since N-isobutyl group capped fibrils (N-isobutyl-Aβ(16-22)) have been fully 

characterized, this capping group was also selected for the synthesis of N-isobutyl-

Aβ(16-22)[N-methyl 13C]L17N-methyl-Q [15N] A21 (Figure 2-16).  
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Figure 2-15. The crude model of parallel β-sheets stacking with antiparallel sheet-sheet orientation.  

Two faces of sheets are color coded in red and black, respectively. The same face stacks together to afford 

two different sheet-sheet interfaces (black / black and red / red). 
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Figure 2-16. Chemical structure of N-isobutyl-Aβ(16-22) [N-methyl 13C]L17N-methyl-Q [15N] A21. 
13C is highlighted with red color and 15N with blue. 
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Does N-isobutyl-Aβ(16-22) L17N-methyl-Q maintain the self-assembly 

properties as N-isobutyl-Aβ(16-22)? 

At neutral pH, N-isobutyl-Aβ(16-22) L17N-methyl-Q self-assembles to 

homogenous fibrils (Figure 2-17a). The FT-IR spectra amide I region shows the high 

wave number band and main amide I stretch at 1676 cm-1 and 1630 cm-1, respectively, 

same as those of N-isobutyl-Aβ(16-22) fibrils, suggesting parallel β-sheets.  

Figure 2-17. TEM image and FT-IR spectra amide I region of N-isobutyl-Aβ(16-22) L17N-methyl-Q 

fibrils at neutral pH.  

(a) Electron micrograph of N-isobutyl-Aβ(16-22) L17N-methyl-Q fibrils formed in 20% acetonitrile / water 

with 15 mM pH6 MES buffer at room temperature for 1-2 weeks.  

(b) FTIR amide I band of N-isobutyl-Aβ(16-22) fibrils (black line) and N-isobutyl-Aβ(16-22)L17 N-

methyl-Q fibrils (red line) at neutral pH. The preformed fibrils were pelleted, frozen, lyophilized to yield 

white powder, pressed with KBr for spectra analysis. 

 

To further evaluate the impacts of L17N-methyl-Q substitution of N-isobutyl-

Aβ(16-22) on peptide registry within fibrils, FT-IR spectra of four single-[1-13C]-labeled 

N-isobutyl-Aβ(16-22) and N-isobutyl-Aβ(16-22)L17N-methyl-Q were analyzed (Figure 

2-18). Each labeled residue in both fibrils displays similar band splitting, suggesting the 

similar environment of each residue in both fibrils. Therefore, N-isobutyl-Aβ(16-

b
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22)L17N-methyl-Q fibrils have the same peptide arrangement as other parallel β-sheet 

fibrils. 

 

Figure 2-18. Stacked IE-IR amide I spectra of L17N-methyl-Q substituted fibrils at neutral pH.  

The unlabeled (UL) and single isotope-labeled amyloid fibrils formed from (a) N-isobutyl-Aβ(16-22) and 

(b) N-isobutyl-Aβ(16-22)L17N-methyl-Q at neutral pH. The [1-13C]-labeled residue is specified on the 

right side of each line. For clarification, the bands located at 1676 cm-1, 1630 cm-1 and 1606 cm-1 are 

highlighted with dashed lines, respectively.  

 

Characterization of sheets orientation through measuring the 13C-15N 

cross-sheet distance with solid-state NMR (ssNMR) REDOR technique 

The 13C-15N distance in N-isobutyl-Aβ(16-22)[N-methyl-13C]L17N-methyl-Q 

[15N]A21 fibrils was determined with REDOR technique. The dephasing is well-fit to 

intermolecular distance of 6.6 Å between A21 backbone [15N] and L17 N-methyl-Q side 

chain [N-methyl-13C] (Figure 2-19), strongly supporting the antiparallel sheets 

arrangement in the parallel β-sheet fibrils (Figure 2-15).  
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Figure 2-19. Characterization of sheet orientation by ssNMR REDOR technique.  

ssNMR 13C-15N REDOR measurements of N-isobutyl-Aβ(16-22)[N-methyl-13C]L17N-methyl-Q [15N]A21 

fibrils. Shaded squares are the experimental results and the solid line is the fit REDOR curve for 

antiparallel sheets packing with 13C-15N distance of 6.6 Å. X = 0.0 Å, y = 6.6 Å, σx = 0.4 Å, σy = 2.0 Å. 

 

Discussion 

The interaction between amyloid and membrane phospholipids has been implicated 

in membrane disruption and cell death, including hydrophobic interaction, charge 

repulsion, and charge attraction (McLaurin and Chakrabartty, 1997; Seelig et al., 1995; 

Terzi et al., 1995). The contribution of these interactions to amyloid formation has been 

systematically studied through the covalent linkage of the lipid alkyl chains containing 

different length with amyloid fragment Aβ(16-22). The synergic interaction of these 

forces leads to formation of parallel-β-sheet fibrils with a specific structure (Figure 2-20): 

1) the positively-charged lysines and negatively-charged glutamates form cross-sheets 

salt-bridge, stabilizing the parallel β-sheets; 2) the alternating stacking of parallel-β-

sheets creates two non-equivalent laminates with one hydrophobic environment to de-

solvate and accommodate N-terminal alkyl chains; 3) the small residue A21 in the 

hydrophobic laminate creates a cavity to accommodate long alkyl chains such as palmityl 

group (C16) (Figure 2-20). 
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Figure 2-20. Structural model of parallel β-sheet fibrils in lamination dimension.  

Three parallel β-sheets of N-palmityl-Aβ(16-22) stacks together with antiparallel orientation, resulting in 

two unsymmetrical lamination interfaces with lamination distances of 13.3 Å and 9.8 Å. The N-alkanes (in 

red box) are buried in the hydrophobic grove composed of L17, F19 and A21 residues, expanding the 

lamination distance to 13.3 Å. And the cross-sheet salt-bridge between lysine and glutamate (in white 

rectangle box) is located in another laminate, maintaining the lamination distance of 9.8 Å. H-bonding 

direction is pointing toward the paper plane. 

 

The specific sequence properties of peptide region in the peptide-amphiphiles are 

critical for the formation of unique structured-fibrils. The parallel β-sheets formed from 

N-X-Aβ(16-22) (x = propyl to palmityl group) is distinct different from the literature 

reported peptide-amphiphile fibril models such as cylindrical fibrils formed from N-

palmityl-S4G3S(P)RGD (S-PA) in Stupp’s lab (Beniash et al., 2005; Bull et al., 2005; 

Hartgerink et al., 2001; Hartgerink et al., 2002). In Stupp’s model (S-PA), the 

hydrophobic cluster of alkanes drives the cylindrical parallel β-sheet fibril formation with 



all the alkanes buried in the interior of fibrils. However, in our model (L-PA), the parallel 

β-sheets stacked with antiparallel orientation with placing the alkanes at both end of 

peptides by insertion into hydrophobic laminates. The following several reasons may 

account for these different peptide-amphiphile fibril structures. 1) Peptide segments have 

different self-assembly capability. For example, Aβ(16-22) itself in L-PA can assemble to 

fibrils or tubes at different pHs, but S4G3S(P)RGD in S-PA can not. 2) Both peptides 

have different molecular shape. Seven residues in Aβ(16-22) forms rectangular shape due 

to the similar residue size distributions (Figure 2-21b), while the amino acids in 

S4G3S(P)RGD form a cone-shape with sizes gradually increased from N to C terminus 

(Figure 2-21a). 3) Both peptides have different charge distributions. In L-PA, the 

opposite charges are located at both ends of the peptide, but in S-PA, all the charges are 

situated at the head group (C-terminus). 4) Both peptides have the different sheet-

stacking interface. The central five hydrophobic residues in L-PA have longer or larger 

side chains, which could create a hydrophobic environment to bury alkyl chains (Figure 

2-21b). In contrast, the hydrophobic residues in S-PA are short and small, which can not 

form a hydrophobic pocket to de-solvate alkyl chains. Therefore, for the same length 

alkyl chain capped peptide-amphiphiles, the specific molecular geometry, charge 

distribution and hydrophobic residue size within the peptide region are important factors 

to drive the unique architecture formation. 
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Figure 2-21. Molecular structure of two peptide-amphiphile monomers.  

(a) Stupp’s molecule N-lauryl-C4G3S(P)RGD-OH (S-PA: Stupp’s peptide-amphiphile) (Hartgerink et al., 

2001); and (b) the N-lauryl-Aβ(16-22) studied in this chapter (L-PA: Lynn’s peptide-amphiphile). The 

charge of lysine and arginine are labeled with + and the aspartate and C-terminal carboxylic acid are 

labeled with . The color code is red for Oxygen (O), blue for Nitrogen (N), gray for Carbon (C), white for 

Hydrogen (H) and yellow for Sulfur (S). 

 

These exclusive parallel β-sheet fibrils are primarily formed through the cross-sheet 

electrostatic interaction between N-lysine and C-glutamate residues, instead of the N-

terminal alkyl chain interaction. In this study, we found that the shortest N-terminal alkyl 

chain which could switch the β-sheet orientation from antiparallel to parallel is propyl 

group (C3) (Figure 2-4). Even though the long N-alkane substitutions such as N-

octanoyl-Aβ(16-22) and N-lauryl-Aβ(16-22) formed parallel β-sheets at neutral pH, the 

same N-alkane substitutions without cross-sheet salt-bridge formation capability, such as 

N-octanoyl-Aβ(16-22)E22L) and N-lauryl-Aβ(16-22)Lys16X (X = Orn, Dab and Dpr), 

could not form parallel β-sheets under the same conditions (Figure 2-7 and 2-12). Since 

a. N-lauryl-CCCCGGGS(P)RGD-OH: S-PA

b. N-lauryl-KLVFFAE-NH2: L-PA 

+ 

+ 

- 

-



the control experiments of the lysine substitutions at acidic pH show that without 

electrostatic interaction, shortening lysine side chain has less impact on the peptide self-

assembly properties at acidic pH (Figure 2-9, 2-10 and 2-11), it could be concluded that 

shortening the lysine side chain to disrupt the cross-sheet electrostatic interaction is the 

main reason to eliminate the parallel β-sheet formation at neutral pH. The parallel β-sheet 

structure observed in our study is consistent with the literature report, but the underneath 

driving force is different from the amphiphilicity argument claimed by Meredith et al. 

(Gordon et al., 2004). The possible reason may be that they proposed this argument by 

only based on β-sheet structure without sheet-sheet stacking information. 

The strength of electrostatic interaction between lysine and glutamate could 

modulate the peptide arrangement and amyloid morphology. With Lys substitution, the 

cross-sheet electrostatic interaction is strong enough to stabilize the parallel β-sheets of 

N-isobutyl and N-lauryl-Aβ(16-22)Lys (Figure 2-22a). When lysine is substituted with 

Orn or Dab, the resulting longer distance between opposite charges on adjacent sheets 

weakens cross-sheet electrostatic interac cross-strand electrostatic 

interaction is strong enough to promote antiparallel in-registry fibril formation (Figure 2-

22b). When lysine is replaced with shortest side chain Dpr, the electrostatic interaction 

between glutamate and Dpr is weaker than other forces such as V18 / A21 β-branched

cross-strand paring (Liang et al., 2008) and phe-phe packing (Mehta et al., 2008; Waters, 

2002), which drive formation of the antiparallel one-residue out-of register β-sheets 

(Figure 2-22c). This length dependence of electrostatic interaction is consistent with 

previous observation of the intra-helical glutamate-lysine ion-pairing (Cheng et al., 2007). 

Cheng et al. found that only lysine residue supported lysine-glutamate (i, i+3) interaction 

tions, but the 
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with lower energy conformation and even shortening one methylene group significantly 

altered the peptide property by losing electrostatic interaction capability. 

Figure 2-22. Illustration of peptide arrangement switch modulated by electrostatic interaction.  

(a) Parallel in-register β-sheets with cross-sheet electrostatic interaction. Two peptide strands within sheets 

stack with distance of 4.7 Å and lysine (red +) and glutamate (blue -) are separated at both ends. Two 

parallel β-sheets pack with antiparallel orientation with lysine and glutamate pointing toward each other to 

form cross-sheet salt-bridge.  

(b) Antiparallel in-register β-sheet with cross-strand electrostatic interaction.  

(c) Antiparallel out-of registry β-sheets with cross-strand pairing between V18 and A21 and Phe-Phe 

aromatic stacking. The peptide hydrogen-bonding distance is 4.7 Å, and lamination distance is 10 Å. The 

light blue arrow represents peptide strand from N to C terminus. Res + and blue  stand for the lysine and 

glutamate side chain, respectively.  

 

In this study, we discovered an unexpected peptide-amphiphile self-assembly 

structure, complementary to the existed literature models. The interaction between alkane 

and amyloid peptide may occur in cells and contribute to the toxicity of amyloid 

oligomers / fibrils through extracting lipid from phospholipid membranes. In addition, the 

cross-sheet electrostatic interaction, the underneath driving force for the parallel β-sheet 

formation, is complementary to the existed library and changing the strength of this 
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interaction by controlling the side chain length of charged residues is able to be applied to 

modulate the self-assembly structure and morphology, which may find applications in 

many fields such as nanomaterials and catalysis through adjusting the surface properties 

of self-assemblies. 

Since the primary force to drive this specific parallel β-sheet fibril formation comes 

from the cross-sheet electrostatic interaction between lysines and glutamates, suppression 

of this interaction by mutating glutamate to leucine inhibits the formation of parallel β-

sheets, leading to antiparallel β-sheet tubes. What would the Aβ(16-22) self-assembled 

structure be when this charge complementary interaction is simply reduced by acidifying 

the incubation solution to acidic pH?  Will the interaction between lipid and peptide be 

altered without cross-sheet electrostatic interaction? 

 

Materials and methods 

Peptide synthesis and purification 

The peptides N-X-Aβ(16-22) (X = propyl to palmityl group) were synthesized 

through standard FMOC/HBTU chemistry with FMOC Rink-amide polystyrene resin 

(Anaspec, Inc.) on a Rainin Symphony Quartet peptide synthesizer. The peptide region 

was automatically synthesized on the machine with the first 5 residues (VFFAE) single 

coupled for 2 hr and the last two residues (Lys16 and Leu17) double coupled for 4 hr. 

The peptide N-terminus was capped manually by coupling the corresponding acid with 

resin overnight with HBTU/NMM activation. The dried resin was mixed with cleavage 

cocktail (90 vol% TFA, 5 vol% thioanisole, 3 vol% ethanedithiol and 2 vol% anisole) 

over 1.5 hr at room temperature to cleave the peptide from the resin. The cleavage was 

 80



treated with cold diethylether 4 times to extract the crude peptide. The peptide was 

purified by reverse-phase HPLC (Waters Delta 600) using a Waters Atlantis C-18 

preparative column (19 x 250 mm) and employed a linear gradient at 10 ml/min starting 

at 20% acetonitrile and ending with 95% acetonitrile over 75 min. After removing 

acetonitrile in vacuo, the peptide fractions were frozen and lyophilized to yield a peptide 

powder that was stored at 4 oC. The product mass was always confirmed by MALDI-TOF 

(a Voyager-DETM STR Biospectrometry Workstation) analysis with a-Cyano-4-

hydroxycinnamic acid (CHCA) as matrix. For Isotope-labeled peptides, the same 

procedure was applied except the isotope-labeled amino acid was manually coupled for 4 

hr. 

 

Fibril Assembly 

The weighted peptide powder was dissolved in 40% acetonitrile/water mixture with 

vortexing, and the sample was neutralized with 15 mM pH 5.6 MES buffer or acidified 

with 0.1 vol% TFA for fibril and tube sample preparation, respectively. Incubation at 

room temperature for 1-3 weeks was generally required for the sample maturation.  

 

Transmission Electron Microscopy (TEM) 

A TEM copper grid with a 200 mesh carbon supported (from Electron Microscopy 

Sciences) was covered with 10 μL of a diluted sample (0.05 mM to 0.1 mM) for 1 min 

before removing excess solution with filter paper. A 10 μL of staining solution (2% 

uranyl acetate, Sigma-Aldrich) was added and incubated for 2 min. After wicking away, 
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the sample grids were placed in desiccators to dry under vacuum overnight. A Hitachi H-

7500 transmission electron microscope was used to image the samples at 75 kV. 

 

Fourier Transform Infrared (FTIR) 

Spectra were collected on a Nicolet MAGNA-IR 560 Spectrometer with 4 cm-1 

resolution and generally 100 scans were averaged. For sample preparation, the matured 

fibrils were pelleted at 16,100 xg for 5 min, frozen at -80 ºC, and lyophilized to a dry 

powder. The dried sample was mixed well with grounded KBr (at a ratio of 1 : 10 (w / w)) 

and pressed into a transparent disk. Isotope-edited IR sample preparation was identified.  

 

X-ray powder diffraction sample preparation  

The matured fibrils were centrifuged at 16,100 xg for 10 min and the pellet was 

collected, frozen and lyophilized to yield dry powder for X-ray diffraction.  

 

Electron Diffraction 

The sample (15.0 μL, 0.2 mM to 0.5 mM) was applied on a TEM grid and 

incubated for 1min. To prepare an aligned sample on grids, the excess solution was 

slowly wicked away with filter paper at one direction. These micrographs were recorded 

on Philips 4500 transmission electron microscope in diffraction mode. A d-spacing, 

where d = λL/R, was calculated, where R is half the distance (mm) between two opposite 

arcs, λ is the electron wavelength (75 kV ), and L is the camera length (distance in mm 

between specimen and photographic film), calibrated using an aluminum polycrystalline 

standard (Electron Microscopy Sciences, Hartfield, PA). 
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REDOR and DRAWS sample preparation 

The preformed fibrils, prepared according to aforementioned procedure, were 

centrifuged, frozen and lyophilized to yield dry powder. 

 

Gold binding 

For gold binding studies, 200 μL of preformed negative-charged gold colloid (0.3 

mM, 3-5 nm diameter) was mixed with 5 μL of matured tubes (1.2 mM) to get the final 

ratio of gold to peptide 10 : 1. The mixture was incubated at room temperature for 1 hour, 

until a purple red precipitate gradually formed. After centrifugation, the collected pellet 

was resuspended in freshly prepared 40% acetronitrile / water with 0.1% TFA. Then 10 

μL of sample was applied to TEM grid for 2 min, and excess solvent was removed with 

filter paper. The sample grid was stored in desiccators overnight before imaging.  
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CHAPTER 3 

Accommodating Alkyl Chains within Amyloid 

Nanotubes 

 

Introduction 

The data presented in Chapter 2 have established that for N-alkyl substitution from 

propyl to palmityl group on Aβ(16-22), when assembled at neutral pH, the cross-sheet 

electrostatic interaction between lysine and glutamate directs parallel β-sheet fibril 

formation. Further, the N-terminal alkyl chains bend to occupy the hydrophobic 

laminates created by antiparallel sheet stacking. This β-sheet fibril structure, 

unprecedented in the existing literature, is not formed when the electrostatic attraction 

between sheets is reduced by either substitution of the glutamate with leucine or 

shortening of the lysine side chain. Alternatively, protonation of the glutamate reduces 

the salt bridge energy and the resulting assembly is known to be dominated by the cross-

strand pairing interaction between Val and Ala to shift in registry within the antiparallel 

β-sheet to give N-acetyl-Aβ(16-22) nanotubes (Liang et al., 2008b; Mehta et al., 2008). 

The question to be explored here is whether acidic pH is sufficient to override the self-

assembly registry and morphology of the peptide-amphiphiles with N-alkyl substitution. 

This question is particularly relevant given the required placement of the alkyl chains 

within the bilayer and along the surface of the amyloid tubes. We show that alkyl chains 
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promote the self-assembly of peptides (Hartgerink et al., 2001; Hartgerink et al., 2002) 

and define how the inclusion in N-X-Aβ(16-22) (X= propyl to palmityl group) alters the 

tube structure and is accommodated within the nanotube β-sheet structure.  

 

Results 

Is the self-assembled morphology at acidic pH altered by addition of 

alkyl chains?  

The N-acetyl-Aβ(16-22) assembled to homogenous nanotubes with diameter of 44 

± 4 nm (Figure 3-1, Group I) (Lu et al., 2003; Mehta et al., 2008) in 40% acetonitrile / 

water at acidic pH. Under the same incubation conditions, all other alkyl chain-

conjugated peptides self-assembled to various morphologies, including nanotubes, sheets 

and fibrils revealed by the series of electron micrographs (Figure 3-1). According to the 

final morphologies, these peptides can be categorized into four groups. In Group I, the N-

acetyl- to N-butyl-Aβ(16-22) peptides formed nanotubes (Figure 3-1). Relative to the 

diameter of the N-acetyl-Aβ(16-22) tubes (44 ± 5 nm), the nanotubes formed from N-

propyl-Aβ(16-22) are slightly smaller with diameter of 39 ± 6 nm and those prepared 

with N-butyl-Aβ(16-22) peptides are 50% larger (68 ± 4 nm) (Table 3-1). In Group II, 

including the N-valeryl- to N-decanoyl-Aβ(16-22) peptides, these assemblies are no 

longer tubes, but instead sheets and small ribbons (Figure 3-1). Interestingly, with alkyl 

chains of N-undecyl to N-tridecyl in Group III, the tube morphology reappeared. N-

undecyl and N-lauryl substituted tubes have homogenous diameter of 53 ± 5 nm (Table 

3-1), slightly larger than N-acetyl-Aβ(16-22) tubes, while the N-tridecyl substituted 

nanotubes are more heterogeneous with a slightly smaller average diameter of 35 ±10 nm.  
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Figure 3-1. Electron micrographs of the N-X-Aβ(16-22) (X=acetyl to palmityl) peptide assembled at 

acidic pH. 

(a)N-acetyl-Aβ(16-22), (b) N-propyl-Aβ(16-22), (c) N-butyl-Aβ(16-22), (d) N-valeryl-Aβ(16-22), (e) N-

caproyl-Aβ(16-22), (f) N-enanthyl-Aβ(16-22), (g) N-octanoyl-Aβ(16-22), (h) N-pelargyl-Aβ(16-22), (i) N-

decanoyl-Aβ(16-22), (j) N-undecyl-Aβ(16-22), (k) N-lauryl-Aβ(16-22), (l) N-tridecyl-Aβ(16-22), (m) N-

myristyl-Aβ(16-22) and (n) N-palmityl-Aβ(16-22). In each case, 1.2 mM peptide was incubated in 40% 

acetonitrile / water with 0.1% TFA at room temperature for 2-3 weeks before imaging.  
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In group IV (Figure 3-1, N-myristyl to N-palmityl group), the morphology switched back 

to fibrils. 

 

Table 3-1. Estimated nanotube diameters at acidic pH. 

The tube dimension is measured from the dried nanotubes in Figure 3-1 and the calculation is based on the 

equation d = c/π (d is the tube diameter and c is the tube intersection circumstance). The measured value is 

the average of twenty tubes, and the tube size measured on the dried samples may be slightly smaller than 

that measured in solution due to the drying artifacts (Lu et al., 2003). 

N-X-Aβ(16-22) acetyl- propyl isobutyl- butyl- undecyl- lauryl- tridecyl-
Diameter (nm) 44 ± 5 39 ± 6 44 ± 5 68 ± 4 53 ± 5 53 ± 5 35 ± 10

 

Do N-terminal alkyl chains impact peptide secondary structure in the 

assembly? 

The wide range of self-assembled morphologies observed above might result from 

the impact of N-alkanes on peptide secondary structure. As an initial test, the matured N-

X-Aβ(16-22) (X = acetyl to lauryl) self-assemblies were studied with circular dichroism 

(CD) and found to contain negative ellipticity ranging from 212 nm to 222 nm (Figure 3-

2), consistent with β-sheet secondary structure. The N-myristyl- and N-palmityl-Aβ(16-

22) fibrils were precipitated, but the amide I band of their powder samples also gave an 

amide I band stretch at 1632 cm-1 (data not show), suggesting β-sheet secondary structure 

is maintained in all these N-terminal modified self-assemblies at acidic pH 

(Zandomeneghi et al., 2004). 
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Figure 3-2. CD spectra of N-X-Aβ(16-22) (X= acetyl to lauryl) assemblies at acidic pH.  

All samples were assembled in 40% acetonitrile / water with 0.1% TFA at room temperature for 3 weeks at 

a peptide concentration of 1.2 mM and analyzed directly. 

 

By following the CD negative ellipticity change with time, the effect of N-alkanes 

on the peptide self-assembly kinetics has been determined. Figure 3-3 shows the kinetic 

curves of five different alkane-capped Aβ(16-22) peptides through 700 hr of assembly. 

N-acetyl-Aβ(16-22) remained as random coil during the first 100 hr, then gradually 

developed the β-sheet signature at 215 nm. The N-propyl to N-caproyl- peptides 

developed relatively strong β-sheet signature within 100 hr of incubation, and after 400 hr 

appeared to plateau. N-octanoyl-Aβ(16-22) reached a plateau within 20 hr, but the 

ellipticity is quite low. Overall, it appears that the longer alkane substituents mediate in 

the faster self-assembly rate, but the nature of this assembly will need to be determined. 

 91



0 200 400 600 800
-50

-40

-30

-20

-10

0
 N-acetyl (C2)
 N-propyl (C3)
 N-butyl (C4)
 N-caproyl (C6)
 N-octanoyl (C8)

 

 

 E
ll

ip
ti

ci
ty

 (
m

d
eg

) 

Time (hour)

 

Figure 3-3. Self-assembly kinetics of N-alkane substituted assemblies at acidic pH.  

Each peptide (1.5 mM) was incubated in 40% acetonitrile / water with 0.1% TFA at room temperature and 

aliquots were taken at the indicated time point and the ellipticity at 215 nm was plotted. 

  

Do the N-alkanes alter the peptide arrangement within β-sheets? 

To probe the peptide arrangement within these assemblies, [1-13C] F19 was 

incorporated for isotope-edited infrared (IR) analysis. In the fourier transform infrared 

(FTIR) spectra amide I region (Figure 3-4a), a diagnostic band at 1690 cm-1 for 

antiparallel β-sheets is observed and the pattern of 12C at 1639 cm-1 and 13C at 1597 cm-1 

is undistinguishable from N-acetyl-Aβ(16-22) (Figure 3-4a, b), suggesting the peptides in 

Group I to III share the same peptide β-sheet arrangement within self-assemblies. In 

contrast to this antiparallel out-of-registry arrangement, the IR spectra of N-myristyl- and 

N-palmityl-Aβ(16-22) fibrils show a higher wave number band at 1678 cm-1 independent 

of incubation pH (Figure 3-4a-c), suggesting parallel β-sheets. The detailed structure 

characterization and proposed models for these assemblies are discussed in Chapter 2. 
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Figure 3-4. Isotope-edited IR amide I band of [1-13C] F19-labeled assemblies at acidic pH.  

(a) Stacked plot of the individual spectra with the alkane name and carbon number indicated at the right 

side and the band assignments shown with dashed lines.  

(b) Plot of the wave number difference between 12C and 13C amide I stretches as function of then-alkane 

carbon number.  

(c) FTIR amide I band of [1-13C] F19-labeled N-myristyl-Aβ(16-22) and N-palmityl-Aβ(16-22) fibrils 

assembled at acidic or neutral pHs with major bands highlighted.  
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Does a N-terminal alkyl chain impact tube wall thickness and tube 

surface property? 

The TEM images presented in Figure 3-1 are most consistent with the N-undecyl to 

N-tridecyl capped Aβ(16-22) peptides forming tubular self-assemblies, which share the 

same peptide arrangement as N-acetyl-Aβ(16-22) tubes. To further test the hollow 

nanotube assignment, the N-lauryl-Aβ(16-22) nanotubes were analyzed under cryo-etch 

SEM conditions (Mehta et al., 2008). Surveys of the cryo-SEM images of the N-lauryl-

Aβ(16-22) tubes identified remarkably similar hollow tubes (Figure 3-5b) to those seen 

with the N-acetyl-Aβ(16-22) assemblies (Figure 3-5a). These images also suggested 

remarkably similar dimensions, both size and wall thickness, to the N-acetyl-Aβ(16-22) 

tubes, raising fundamental questions about the positioning of the additional mass from N-

lauryl substitution. 

 

b a 

100nm

 

Figure 3-5. Cryo-SEM images of peptide nanotubes formed from (a) N-acetyl-Aβ(16-22) and (b) N-

lauryl-Aβ(16-22) (Mehta et al., 2008). 

In each case, peptide was incubated in 40% acetonitrile / water (1.5mM) with 0.1% TFA for 3 weeks at 

room temperature. 1.5 μL tube sample was plunge-frozen in liquid ethane at -180 ºC, and then transferred 

into chromium-coater to etch for 10 min at -105 ºC before coating with 4.5 nm thickness of Cr. After that, 

the coated sample were transferred into cryo-stage and imaged at -120 ºC. To illustrate the hollow feature, 

the vertical tubes with the visible intersection were recorded and shown here.  

 

To further evaluate the positioning of the N-terminal alkyl chains within the tubes, 

tube wall thickness was measured using AFM. As shown in Figure 3-6 and Table 3-2, the 
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tube wall thickness is unchanged at 4 nm for all four nanotubes, consistent with the 

similar wall thickness shown in SEM images (Figure 3-5). 

 

a 

 

b b 
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Figure 3-6. AFM images of nanotubes with measurement profiles.  

c 

d 

Assemblies prepared with (a) N-acetyl-Aβ(16-22), (b) N-propyl-Aβ(16-22), (c) N-lauryl-Aβ(16-22), and (d) 

N-tridecyl-Aβ(16-22) were imaged in topography by non-contact mode under the dry condition.  

In each case, 1.2 mM peptide was incubated in 40% acetonitrile / water with 0.1% TFA at room 

temperature for 3 weeks. The AFM samples were prepared by applying 20 μL diluted preformed tubes (0.2 

mM) on the freshly cleaned silica chips. After 1min incubation, the extra solvent was wicked off with a 

piece of wedged filter paper, followed by storing silica chips in a desiccator overnight. The final AFM 

images shown here were background subtracted and brightness adjusted.. The tube height shown as the 
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value (P-V nm) was measured with WinSPM data analysis software. 

 
Table 3-2. Tube wall thickness obtained using AFM.  

The tube height is the average of 10 separate height measurements, expressed as ± SD. 

N-X-Aβ(16-22) acetyl propyl lauryl tridecyl 
Tube wall thickness (nm) 3.8 ± 0.3 4.1 ± 0.3 4.2 ± 0.3 3.8 ± 0.3 

 

In the bilayer model of the nanotube, antiparallel arrangement of N-acetyl-Aβ(16-

22) peptides places half of the lysine residue inside the bilayer and half contributing to a 

positively-charged inside and outside tube surface (Mehta et al., 2008). This arrangement 

has been previously tested by the tube binding affinity to negatively-charged gold 

colloidal (Kun Lu, 2004). Since the N-alkanes are covalently attached to the lysine 

residues, it is possible that the lysine side-chains might be less accessible to the 

nanoparticles. The images shown in Figure 3-7 are consistent with that N-lauryl-Aβ(16-

22) assembled tubes have the same specific gold binding as the N-acetyl-Aβ(16-22) tubes. 

ba 

 

Figure 3-7. TEM images of gold-bound nanotubes.  

(a) N-acetyl-Aβ(16-22) nanotubes or (b) N-lauryl-Aβ(16-22) nanotubes were mixed with negatively 

charged gold colloids at a peptide to gold colloid ratio of 1: 10 and incubated at room temperature for 1 

hour. Then the purple precipitant was pelleted to remove the unbound gold particles, following by 

resuspension of pellet and TEM imaging without uranyl acetate staining.  

 

Congo red (CR) is now known to bind end–to-end as J-aggregates in the laminate 

groves of N-acetyl-E22L tubes (Childers et al., 2009a). If the laminate groves are 
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occupied by the alkyl chains, i.e., allowing the lysine side chains to associate with the 

gold nanoparticles, CR’s ability to line the laminate surface may be compromised. Due to 

the pKa of CR, binding is limited to neutral or slightly basic pH, so N-octanoyl-E22L 

tubes whose self-assemble is pH-independent, were selected for analysis. As a control 

(Figure 3-8), when CR bound to the N-acetyl-E22L tubes, the max intensity increased 

and red-shifted, consistent with J-aggregation of CR in the lamination grove (Childers et 

al., 2009a). However, the binding of CR with N-octanoyl-E22L tubes resulted in a 

CRmax intensity decrease and blue-shift (Figure 3-8, blue dotted line). This change in the 

transition might be consistent with CR association with the alkanes, but certainly 

suggests that the arrangement of CR on the tube surface is altered. 

 

Figure 3-8. UV spectra of Congo red binding to nanotubes.  

The mature nanotubes, prepared in 40% acetonitrile with 15 mM MES buffer at neutral pH, were mixed 

with CR with ratio of 20:1 (CR / peptide) and incubated overnight to ensure equilibrium binding. In the 

figure, the solid black line represents 0.033 mM CR only; red dashed line means 0.033 mM CR + 0.65 mM 

N-acetyl-E22L tubes  and blue dotted one stands for 0.033 mM CR + 0.65 mM N-octanoyl-E22L tubes. 
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Do the N-terminal alkyl chains alter the peptide repeat distances? 

Amyloid self-assemblies usually display two orthogonal diffraction d-spacings, 

assigned as the hydrogen-bonded peptide strand spacing of 4.7 Å (Geddes, 1968; Krejchi, 

1997; Sikorski, 2003) and the sheet laminate spacing, which is side chain size-dependent 

and ranges from 3.4 Å (Fraser, 1973) to 14 Å (Keith et al., 1969). To evaluate the 

possible perturbation of the tube structure by the N-terminal long alkanes, x-ray and 

electron diffraction were used to measure the d-spacings within these assemblies. As 

shown in the Figure 3-9 and Table 3-3, all the self-assemblies display same hydrogen-

bonding distance of 4.7 Å by both X-ray and electron diffractions, while the lamination 

distance appears to depend on the N-terminal alkyl chain length. Distinct from two 

lamination distances observed for N-X-Aβ(16-22) (X = propyl to palmityl) fibrils 

assembled under neutral conditions (Figure 2-3), at acidic pH single lamination spacing 

of 10.4±1 Å, increasing with the N-terminal alkyl chain length, is obtained for tubes and 

sheets in Group I to III (Figure 3-9 and Table 3-3). Remarkably, two more extra bands 

with distance of 5.8 Å (X-ray diffraction) and 4.4 Å (electron diffraction) were observed 

for N-lauryl tubes, which may be from the arrangement of N-alkanes and the new peptide 

plane (Childers et al., 2009b), respectively. While, the longer alkane substituent N-

myristyl- and N-palmityl-Aβ(16-22) fibrils display two lamination distances, 9.8 Å and 

13.2 ± 0.2 Å (Figure 3-9a) reflected by X-ray diffraction, suggesting two distinct sheet-

sheet stacking interfaces, consistent with parallel β-sheets. These two lamination 

distances may give the corresponding bands in electron diffraction micrographs, which 

require further investigation.  
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Figure 3-9. X-ray and electron diffractions of the peptide assemblies at acidic pH.  

X-ray powder diffraction of selected (a) N-acetyl, (b) N-propyl, (c) N-lauryl, (d) N-myrityl and (e) N-

palmityl-Aβ(16-22) peptide assemblies at acidic pH.  

The electron diffraction of aligned (f) N-acetyl, (g) N-propyl, (h) N-butyl and (i) N-lauryl-Aβ(16-22) 

nanotubes at acidic pH. Dashed and solid crossed-lines represent the two sets of hydrogen-bonding and 

lamination distance reflections from each nanotube wall. The offset between hydrogen-bonding arcs of 

each cross-β pattern is 26° ± 2°, 28° ± 2°, 22° ± 1° and 11° ± 1° for N-acetyl, N-propyl, N-butyl and N-

lauryl nanotubes, respectively. The small arrows specify the d-spacing for each arc, and the number 

between the cross-β patterns specifies the angles, while the thick black arrow indicates the direction of 

aligned tubes. The white thin line across the center is the technique artifact. 
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Table 3-3. Peptide repeat distances.  

The assignments are based on X-ray and/or electron diffraction micrographs from the H-bonding and 

lamination d-spacings. 

N-X-Aβ(16-
22)) 

acetyl 
C2 

propyl
C3 

butyl 
C4 

valeryl
C5 

capory
l 

C6 

ocanto
yl 
C8 

lauryl 
C12 

palmit
yl 

C16 
H-bonding  

(Å) 
4.7 4.7 4.7 4.7 4.7 4.7 4.7 4.7 

Lamination 
(Å) 

9.8 9.8 9.9 10.0 10.2 10.4 11.5 9.8 / 
13.5 

 

Relative to X-ray powder diffraction, electron diffraction micrographs of oriented 

tubes give extra information to assign the offset between hydrogen-bonding arcs in the 

top and bottom of tube walls, half of which is called tube tilt angle. As shown in Figure 

3-9b, the tube tilt angle decreases with increasing alkyl chain length from 25° ± 3° for N-

acetyl- to N-butyl-Aβ(16-22) tubes to 11° ± 1° for N-lauryl-Aβ(16-22) tubes. Significant 

decrease of the tube tilt angle may suggest that the inclusion of N-lauryl impact on the 

bilayer packing and tube persistent length.  

 

What is the conformation of N-lauryl chain within nanotubes? 

The N-acetyl-Aβ(16-22) and N-lauryl-Aβ(16-22) tubes are remarkably similar, 

maintaining the same peptide β-sheet secondary structure, the relative peptide 

arrangement within tubes, identical hydrogen-bonding peptide repeat distances, and a 

positively-charged tube surface. However, the N-lauryl-Aβ(16-22) assembly has a longer 

lamination distance, a smaller tilt angle, and a wider lamination grove that is no longer 

accessible to CR. To probe whether both peptides are able to co-assemble, the N-acetyl-  
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Figure 3-10. Co-assembly of N-acetyl-Aβ(16-22) and N-lauryl-Aβ(16-22).  

(a) The kinetic curve by following the negative ellipticity at 215 nm with time. The peptide with specific 

concentration was incubated in 40% acetonitrile/water with 0.1% TFA and the aliquots were taken for CD 

analysis. The graph is plotted by the ellipticity intensity at 215 nm over time. 

Electron micrographs of (b) 1.5 mM N-acetyl-Aβ(16-22), (c) 0.75 mM N-acetyl-Aβ(16-22), (d) 0.75 mM 

N-lauryl-Aβ(16-22) and (e) 0.75 mM N-acetyl-Aβ(16-22) + 0.75 mM N-lauryl-Aβ(16-22). The EM was 

taken after 3 weeks incubation.  
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Aβ(16-22) and N-lauryl-Aβ(16-22) peptides were mixed 1:1 to a final peptide 

concentration of 1.5 mM (Fig 3-10). N-acetyl-Aβ(16-22) with concentration of 1.5 mM 

formed homogenous nanotubes with diameter of 44 ± 4 nm (Figure 3-10b) and the CD 

analysis showed that it developed strong negative ellipticity at 215 nm and reached the 

plateau at about 350 hr. However, half of N-acetyl-Aβ(16-22) (0.75 mM) only assembled 

to thin filaments with diameter of 5 ± 1 nm, which displayed random coil CD signal 

(Figure 3-10b). At this concentration (0.75 mM), N-lauryl-Aβ(16-22) self-assembled to 

slightly larger nanotubes with diameter of 53 ± 5 nm, reaching the plateau after 120 hr 

even though the negative ellipticity was relatively low. However, the mixing of 0.75 mM 

N-acetyl-Aβ(16-22) and 0.75 mM N-lauryl-Aβ(16-22) peptide monomers significantly 

increased the maturation time from 120 hr to 400 hr and the EM established that this 

mixture formed smaller nanotubes with diameter of 25 ± 6 nm. This suggests that the 

structure difference of N-acetyl-Aβ(16-22) and N-lauryl-Aβ(16-22) tubes slow down the 

peptide recognition process, but the structure similarity between them allows the 

coassembly of both peptide to different-sized nanotubes. The distribution of both peptides 

within final assemblies requires further ssNMR investigation. 

We hypothesized that the greatest impact of N-terminal long alkanes on the 

recognition of these two peptides would occur at the bilayer leaflet packing interface. 

While diffraction defined the lamination distance and hydrogen-bonding distance quite 

nicely, no reflections were expected for a bilayer arrangement. Accordingly we sought to 

measure the distance across the leaflets of the bilayer with ssNMR dipolar recoupling 

with a windowless sequence (DRAWS) technique (Benzinger et al., 1998; Benzinger et 

al., 2000). Since DRAWS is able to measure 13C-13C distance which is shorter than 6.5 Å, 
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with the previously assigned antiparallel one-residue out-of registry configuration, 

placing a [1-13C] label at the N-terminal alkyl chain carbonyl would isolate spins along 

both the hydrogen-bonding dimension (separated by 9.4 Å) (Figure 3-11a) and -sheet 

lamination (11.5 Å in Figure 3-9), hopefully allowing direct interrogation of the leaflet 

bilayer interface. The DRAWS data of [1-13C]N-acetyl-Aβ(16-22) nanotubes fit to a 5.3 

Å bilayer distance (W. Seth Childers, 2010), while the same labeling scheme of [1-13C]N-

lauryl-Aβ(16-22) nanotubes yielded, at best, a very weak coupling between leaflets 

(Figure 3-11b), suggesting incorporation of N-lauryl group altered leaflet packing and 

somehow positioned the ends of the adjacent leaflets outside DRAWS range (6.5 Å). 

9.
4Å

9.
4Å

a b

 

Figure 3-11. 13C DQF DRAWS for [1-13C]N-acetyl-Aβ(16-22) and [1-13C]N-lauryl-Aβ(16-22) 

nanotube.  

(a) Structural model of the antiparallel one-residue out-of register 　-sheet with the distance of 9.4 Å 

between every other acetyl carbonyls.  

(b) The DRAWS data and fitting curves for both [1-13C]N-acetyl-Aβ(16-22) (black square), [1-13C]N-

lauryl-Aβ(16-22) nanotubes (red circle) and natural abundance N-acetyl-Aβ(16-22) fibers (green triangle) 

as the control.  
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To evaluate the different conformations of the N-acetyl and N-lauryl chains, 

[15N]L17 was incorporated together with [1-13C]N-acetyl or [1-13C]N-lauryl to measure 

the intrastrand distances with 13C{15N} rotational-echo double-resonance (REDOR) 

experiments (Saalwachter and Schnell, 2002). Boltzmann statistics REDOR analysis (BS-

REDOR) (Gehman et al., 2007), one of the solid-state NMR techniques, offers the way to 

measure the hetero-nucleus distance between 13C-15N within the range of 7.0 Å. BS-

REDOR provides an unbiased fit of REDOR dephasing data to isolated 13C-15N spin pairs, 

and in this case, displayed two 13C-15N distance distributions for [1-13C]N-acetyl-Aβ(16-

22)[15N]L17 nanotubes centered at 3.6 Å for 24% and 4.5 Å for 73% of the sample 

(Figure 3-13b) . In contrast, the BS-REDOR fits for the N-lauryl-Aβ(16-22) assembly 

were consistent with 94% of the sample with a 13C-15N distance of 3.8 Å (Figure 3-13c), 

indicating that the majority of the carbonyl carbons have the same conformation. 

MD simulations on a block of 6 laminated β-sheets of 6 H-bonded peptides each in 

explicit water (Mehta et al., 2008) suggests that the acetyl (C2) capping group can adopt 

two conformations, one adopting α-helical conformation (Figure 3-12), which positions 

the N-terminal acetyl with a 13C-15N distance of 3.6 Å. The second conformation places 

the lysine backbone in a typical extended β-sheet conformation (Figure 3-12) with a  

3.4 Å
4.5 Å

3.4 Å
4.5 Å

4.5 Å

3.4 Å

15N
13C

4.5 Å

3.4 Å

15N
13C

90°90°

b

a 

 

Figure 3-12. MD simulation of N-acetyl-Aβ(16-22) with different terminal conformation.  

(a) Side view of two peptide strands with antiparallel organization and lysine backbone adopts trans and cis 

conformation in blue and gray strands, respectively.  

(b) Top view of the same peptides after 90° rotation from (a). The distances of 3.4 Å and 4.5 Å between 

[15N]L17 and [1-13C]N-acetyl are specified in Figure.  
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longer 13C-15N distance of 4.5 Å. One possible rationalization of these dramatic 

differences between the N-acetyl and N-lauryl groups is that the increased hydrophobicity 

of N-lauryl substituent demands burial in the hydrophobic grove and this burial distorts 

the carbonyl carbon to adopt a single conformation. 

 

a 

 

b c 

Figure 3-13. REDOR analyses of [15N]L17 and [1-13C]N-alkyls in self-assembled nanotubes.  

(a) REDOR measurements of [1-13C]N-acetyl-Aβ(16-22)[15N]L17 (red circle) and [1-13C]N-lauryl-Aβ(16-

22)[15N]L17 nanotubes (black square).  

The solid lines are the fitted REDOR curves by calculation. The distance fitting curve for (b) N-acetyl-

Aβ(16-22) nanotubes and (c) N-lauryl-Aβ(16-22) nanotubes.  
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To further constrain the lauryl chain, the distance from lauryl group’s methyl 13C to 

15N of valine was measured by 13C{15N}REDOR. The dephasing data can be fitted to two 

roughly equivalent populations with distances of 5.0 Å and 6.8 Å (Figure 3-14). Together 

with the uniform intrastrand distance of [1-13C]N-lauryl-Aβ(16-22)[15N] L17, the result 

here further constraints the location of N-lauryl groups in laminated -sheets (Figure 3-

15).  

 

a b 5.0 Å

 

Figure 3-14. REDOR measurement of peptide terminal intrastrand distance.  

(a) REDOR dephasing and (b) BS-REDOR fitting curve of [12-13C]N-lauryl-Aβ (16-22) [15N]V18 

nanotubes.  

 

Discussion 

We show that alkyl chains promote the self-assembly of peptides (Hartgerink et al., 

2001; Hartgerink et al., 2002) and define how the N-alkanes are accommodated within 

the nanotube β-sheet structure and how the inclusion alters the tube structure. 

This study demonstrates that the A-lipid chimeric assembly is a useful in vitro 

model system to investigate membrane/protein interaction. The introduction of N-alkanes 

does not change the dominant role of peptide segment on assembly morphology and 
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peptide arrangement. In addition, this study shows the direct view of A-lipid interaction, 

defined by ssNMR relative to the previous neutron scattering and fluorescence studies 

(Ashley et al., 2006; Kremer et al., 2001). Therefore, with the investigation of N-lauryl-

Aβ(16-22), we have taken the first steps to elucidating the molecular-level interaction 

between Aβ-peptide and lipid alkanes in this hybrid architecture. The N-lauryl-A(16-22) 

structural model highlights the potential coupled interaction between alkanes and the 

cross- structure. Molten-globule like oligomers at the membrane surface have the 

potential to interact and bury the lipid alkanes within cross- laminates. In contrast, the 

buried cross- laminates of mature fibrils are inaccessible. Indeed, the automatic insertion 

of lipid alkanes into hydrophobic β-sheet laminates is consistent with experimental 

evidence that soluble Aβ-aggregates may insert into lipid bilayer (Ashley et al., 2006; 

Kremer et al., 2001) or extract lipid from bilayer (Jayasinghe and Langen, 2007; Sparr et 

al., 2004) disrupting membrane organization (D'Errico et al., 2008; Dante et al., 2006; 

Friedman et al., 2009). 

Understanding the interaction between lipid and amyloid peptide is critical to 

uncovering the mechanism of the cytotoxicity and neurological dysfunction in amyloid 

diseases (Ashley et al., 2006; Bystrom et al., 2008; Kremer et al., 2001). To extend the 

study of Aβ-lipid interaction at neutral pH in Chapter 2, this chapter presents a systematic 

study of the chimera self-assemblies (N-X-Aβ(16-22) (X = acetyl to palmityl)) at acidic 

pH, which further demonstrates that the A-lipid chimeric assembly is a useful in vitro 

model system to investigate membrane/protein interaction. Suppression of the cross-sheet 

electrostatic interaction by protonation of Glu22 at acidic pH, the self-assembly registry 

and morphology is able to be overridden by peptide segment, independent of alkane 
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length in the range of N-acetyl to N-tridecyl substituents. This is distinctly different from 

the hydrophobic clustering of alkanes in conventional peptide-amphiphiles (Hartgerink et 

al., 2001; Hartgerink et al., 2002), which may attribute to the inherent hydrophobic 

property of A peptide and size-distribution of amino acid residues (Hartgerink et al., 

2001; Hartgerink et al., 2002; Lu et al., 2003; Mehta et al., 2008). The structural model of 

N-lauryl-Aβ(16-22) nanotubes proposed in this study (Figure 3-15) now argues the 

unique capacity of the hydrophobic interior of amyloid’s cross- laminate to bury alkyl 

chains (Figure 3-15), which shows the different ways to desolvate alkyl chains from that 

occurring in parallel β-sheet fibrils (neutral pH) and conventional peptide-amphiphiles 

(Hartgerink et al., 2001; Hartgerink et al., 2002). 

 

Group I 11.5 Å 

Figure 3-15. Structural model of β-sheet-stacking within N-lauryl-Aβ(16-22) tubes.  

Two peptides represent the front strands of each sheet. Two sheets pack with a distance of 11.5 Å, 

highlighted with the white arrow. The color code is red (oxygen), blue (nitrogen) and gray (carbon).  

 

V18-A21 cross-strand pairing interaction overwhelms the electrostatic interaction 

and alkane hydrophobic clustering at acidic pH to direct antiparallel one-residue out-of 

register β-sheet formation. In this study, the assemblies of N-acetyl to N-tridecyl 
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substituent all adopt antiparallel out-of registry, independent of N-alkane length (Figure 

3-4). Previous study suggests that this peptide arrangement is driven by V18-A21 cross-

strand pairing (Mehta et al., 2008), consistent with the assemblies of N-octanoyl-E22L at 

both acidic and neutral pHs (Figure 2-7) in the absence of electrostatic interaction. The 

antiparallel β-sheets directed by V18/A21 cross-strand pairing interaction create a unique 

hydrophobic environment to accommodate N-alkanes up to tridecyl chain. Firstly, the 

uniform hydrophobic sheet-sheet interface allows the insertion of N-alkanes without bias, 

which gives one single lamination distance (Figure 3-9), instead of two found in parallel 

β-sheet fibrils (Figure 2-14). Of the diverse morphologies generated in this study, the 

nanotubes from the Group III N-undecyl to N-tridecyl peptides (Figure 3-1) appear to 

represent an optimal match between the alkyl chain and the β-sheet laminates, consistent 

 

Figure 3-16. Model of antiparallel β-sheets of N-palmityl-Aβ(16-22) at acidic pH.  

Two sheets of 3 strands each constructed with a possible configuration of the N-palmityl chain buried in the 

antiparallel β-sheet laminates. White box highlights the hydrophobic clash between the tails of palmityl 

group with aromatic residues in the laminates. 
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with the small cavity created by residue V18 and A21 in the laminates. While for the 

longer N-alkanes, the structure model shows the unfavorable hydrophobic clash between 

the extra alkane tail with the larger aromatic residues Phe19 and Phe20 (highlighted in 

white box Figure 3-16), which may account for the peptide arrangement switch of N- 

myristyl and N-palmityl-Aβ(16-22) β-sheets from antiparallel to parallel under this 

condition (Figure 3-4b). However, together with the parallel β-sheets formed by N-X-

Aβ(16-22) (X = propyl to palmityl) at neutral pH (Gordon et al., 2004), the antiparallel β-

sheets assembled at acidic pH here also argue that the peptide with high assembly 

propensity could override the hydrophobic clustering interaction of alkanes in the 

peptide-amphiphile assemblies (Hartgerink et al., 2001; Hartgerink et al., 2002). 

Inclusion of two portions (tail and head) of alkanes at different positions in 

antiparallel β-sheets alters some of the tube structure and property, even though the tube 

morphology and peptide arrangement are maintained. As shown in the bilayer structure 

model (Figure 3-17), the tail portion of alkanes (in blue box) located in the laminates 

interacts with residues V18/A21, expanding the β-sheets (Figure 3-9). The head portion 

of N-alkanes located at the tube bilayer interface (in red box) slightly expands the bilayer 

distance within measurement error by AFM (Figure 3-6). However, the introduced 

hydrophobic interaction between bilayer may increase the bilayer rigidity, accounting for 

the tube pitch and size increase (Figure 3-9, 3-19 and Table 3-4). The head of N-alkanes 

at the tube outer surface (in yellow box) may alter the tube surface property by blocking 

the lamination grove, resulting in the different Congo red binding fashion illustrated in 

Figure 3-18. This study establishes the cavities within peptide nanotubes with limited 

space to accommodate the extra small groups, consistent with the peptide arrangement 
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and assembly morphology switch by the attached large groups (such as rhodamine and 

biotin) (Liang et al., 2008a; Lu, 2005). Also, these small cavities may be able to hold 

small drug molecules, which may find potential application as a drug delivery carrier. 

.  
Figure 3-17. Bilayer structure model of N-lauryl-Aβ(16-22) nanotubes.  

The lamination distance is 11.5 Å and bilayer distance of 6.5 Å is indicated. The different portion of N-

alkanes located at different places is highlighted in colored box: red for N-alkane head in the bilayer 

interface and the yellow for it at tube outer surface; he blue for N-alkane tail in the laminates.  

 

Table 3-4. Summary of the parameters related to nanotube size.  

These parameters are determined from the TEM tube widths and electron diffraction data (Dong et al., 

2006).  

N-X-16-
22 

a 

b

Radius ρ 
(nm) 

Tilt angle 
α (º) 

Pitch 
angle Ψ 

(º) 

Pitch p 
(nm) 

Ribbon 
width W 

(nm) 

Laminate 
number 

acetyl- 22 ± 2 26 ± 2 64 283 124 127 
propyl- 20 ±3 22 ± 1 68 311 116 118 
butyl- 34 ± 2 28 ± 1 62 402 189 191 

undecyl- 27 ± 2 17 ± 1 73 555 162 141 
lauryl- 27 ± 2 11 ± 1 79 872 166 144 
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a. N-acetyl-Aβ(16-22)E22L b. N-octanoyl-Aβ(16-22)E22L 

4.7 Å 

9.8Å 
10.4Å 

4.7 Å 

 

Figure 3-18. Illustration of Congo Red binding on the nanotubes surface.  

(a) A congo red molecule (reb bar) binds in N-acetyl-Aβ(16-22)E22L β-sheet lamination grove. Four sheets, 

each contains 6 peptide strands with H-bonding distance of 4.7 Å stack with lamination distance of 9.8 Å.  

(b) The Congo red molecule (reb bar) may bind across β-sheet laminats of N-octanoyl-Aβ(16-22)E22L, 

because the lamination grove has already been blocked by N-alkanes. Four sheets, each contains 6 peptide 

strands with H-bonding distance of 4.7 Å stack with lamination distance of 10.4 Å. 

 

The identification of this cavity created by V18 / A21 in amyloid may well prove to 

be critically important to our understanding of these assemblies at membrane surfaces. 

How these covalently derivatized peptides may differ from the intermolecular association 

with phospholipid alkyls, the degree of double bond functionality that can be 

accommodated, and how such integration between lipids and peptide impacts membrane 

function and memory will now need to be understood. Additionally, this novel self-

assembly architecture is complementary to the existing peptide-amphiphile library, 
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expanding our view for the peptide-amphiphile assembly. Moreover, these findings 

clearly establish that N-terminal alkyl chains are able to tune the amyloid self-assembled 

morphology, peptide orientation, tube / fibril surface properties and the distance between 

specific residues such as lysine at the outer surface. The tuning capability could be 

utilized to design distinct materials with properties that range from novel self-assembling 

surfaces, robust compartments, and other components for building supermolecular self-

assemblies. And most importantly, the findings in this chapter uncovered many 

complementary aspects of the rules that govern amyloid interaction with alkyl chains, 

which is critical to rational design of amyloid-based nanomaterials and amyloid-related 

disease inhibitors. 

 

Materials and Methods 

Circular dichroism spectroscopy 

Jasco-810 CD spectropolarimeter was used to record circular dichroism (CD) 

spectra of 20 μL of sample in 0.1 mm path length cell at room temperature. The presented 

spectra represent the average of three scans between 260 nm to 190 nm with a step size of 

0.2 nm and a speed of 100 nm/s.  

 

Kinetics measurement 

Since the peptide was purified with mixtures of acetonitrile and water with 0.1% 

TFA, which is the same solvents used for the tube sample preparation, there are 

preformed seeds after purification and lyophilization. Therefore, in order to better 

compare the self-assembly kinetics, the peptide powder sample should be treated with 
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hexafluoroisopropanol (HFIP) to disaggregate the preformed seeds (Hirota-Nakaoka et al., 

2003) before the sample preparation. The weighted peptide powder was dissolved with 

HFIP with about 10 mg/mL for 30 min on ice, and then HFIP was gently evaporated 

under dry argon atmosphere. The eppendorf tube with formed transparent peptide film 

was placed on lyophilizer to remove any trace of HFIP. The peptide film was dissolved in 

60% acetonitrile / water mixture by vortexing for 2 min, and then more water was added 

to render the ratio of acetonitrile / water in the final sample solution to be 40%. Then 

right after the sample solution was acidified with 0.1 vol% TFA, it was taken for the CD 

measurement to count for the time zero.  

 

Coassembly of N-acetyl-Aβ(16-22) and N-lauryl-Aβ(16-22)  

The weighted peptide powder was firstly dissolved in HFIP with concentration 

about 10 mg/mL. After 30 min treatment, an aliquot of each peptide HFIP solution was 

taken to other two vials. The mixing peptide in HFIP was further incubate for additional 

20 min, and then dried under dry argon atmosphere.  

 

Congo red binding 

The matured E22L and N-octanoyl-Aβ(16-22)-E22L tubes (1.3 mM) were 

incubated in 40% acetonitrile / water with 15 mM pH6 MES buffer for 2 weeks. Then 

one aliquot of matured tubes and one aliquot of CR (0.066 mM) were mixed together and 

incubated overnight to reach the equilibrium. Then the mixed sample was taken UV with 

1.0 cm length UV curvette. And the UV spectra were recorded from 700 nm to 350 nm. 
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Cryo-etch high-resolution SEM 

The nanotube solution (2.0 μL, 0.2 mM) on the gold plunchet was plunge-frozen in 

liquid ethane. Then the frozen sample was transferred and mounted in a precooled (-180 

°C) Gatan 500 CT cryostage, following by fracturing the sample surface with a prechilled 

blade. The cryostage was transferred to a Denton DV-602 Cr coater, where the sample 

temperature was gradually increased to -105 °C over 70 min and hold at that temperature 

to sublime ice for 10 min at 0.3 μTorr. The etched sample was quickly cooled to -170 °C.  

The Cr coater was flushed with 5 mTorr nitrogen for 5 min to remove the air. Then the 

sample was sputter-coated with 4.5 nm Cr at a rate of 0.3 Å/s and a current of 50 mA 

under 2 mTorr. After the coated sample was transferred to a DS-130F scanning electron 

microscope, the cryostage was heated slowly to -120 °C and equilibrated for 30 min 

before imaging. 

 

Fourier Transform Infrared (FTIR) 

Spectra were collected on a Nicolet MAGNA-IR 560 Spectrometer with 4 cm-1 

resolution and generally 100-time scans were averaged. For sample preparation, the 

mature tubes were protected by bundling with Na2SO4 in a 1:10 ratio of peptide to sulfate 

(Lu et al., 2007). After 1 hour incubation, the bundled sample was pelleted at 16,100 xg 

for 5 min to remove un-assembled material. The fibril samples were pelleted without 

bundling, frozen at -80 ºC, and lyophilized to a dry powder. The dried sample was mixed 

well with grounded KBr (at a ratio of 1:10 (w/w)) and pressed into a transparent disk. 

Isotope-edited IR sample preparation was identified.  
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X-ray powder diffraction sample preparation  

Nanotube sample was prepared according to the aforementioned procedure. The 

matured nanotubes were bundled with sulfate or nicotinamide adenine dinucleotide 

(NADH) with the ratio of peptide to sulfate 1:10 or peptide to NADH 1:4. The white 

precipitate was collected by centrifugation. The pellet was frozen and lyophilized to yield 

dry powder for X-ray diffraction.  

 

REDOR and DRAWS sample preparation 

The preformed nanotubes, prepared according to aforementioned procedure, were 

bundled with NADH with peptide to NADH ratio of 1 : 4. The concentration of peptide 

and NADH stock solution is 1.2 mM and 40 mM, respectively. The 5 separated aliquots 

of NADH was titrated into tubes solution every 5 min. The white precipitated was 

collected, frozen and lyophilized to yield dry powder. 
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CHAPTER 4 

Exploiting Amyloid Plasticity for  

Architectural Control I 
 

Introduction 

Chapters 2 and 3 have demonstrated that linear N-alkyl chains of various lengths 

can be readily accommodated within the amyloid fold. In the nanotubes, the alkanes pack 

between the β-sheets, widening the laminate distances significantly, but do not really 

compromise the robust cross-β structure. Solid-state NMR experiments further suggest an 

expansion of the bilayer leaflets, and the Congo red binding data is consistent with some 

changes in lamination grove structure. More sterically bulky substitutions, including 

Biotin (Lu, 2005) and Rhodamine (Liang et al., 2008a), have been shown to destabilize 

nanotube formation, but still the robust cross- fold is maintained.  

Previous investigations have identified several amino acid combinations in which 

cross-strand pairing contributes significantly to amyloid assembly. For example, the 

protonation state of N-acetyl-Aβ(16-22) modulates the strength of the K-E bridges and 

dictates the registry of the -sheet (Figure 4-1) and the corresponding assembled 

morphology. Stabilizing the K-E bridges at neutral pH directs antiparallel in-register -

sheet fiber assembly (Mehta et al., 2008), While when the salt bridge is weakened at 

acidic pH, V18 / A21 cross-strand pairing dictates a staggered registry and drives 
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nanotube assembly (Liang et al., 2008b). Indeed, placing a t-butyl substituent L-tert-

leucine as the side-chain at V18 position, dictates nanotube architecture independent of 

pH (Liang et al., 2008b). 

Our basic hypothesis is that through appropriate combinations of these energetic 

constraints, amyloid morphology and architecture can be controlled. More specifically, 

these examples suggest that simple modification of the peptide termini may be sufficient 

for this control. To test this hypothesis, we have systematically altered the N-acetyl cap 

of N-acetyl-Aβ(16-22) with branched alkyl chains (N-isobutyl and N-pivaloyl in Figure 

4-2) and evaluated their assembly at acidic and neutral pHs. We now demonstrate that 

these simple modifications can indeed be used to control parallel / antiparallel sheet 

architecture, peptide registry, and nanotube diameter.  

Staggered interface Blunt interface 

KLVFFAE KLVFFAE 
EAFFVLK EAFFVLK 
KLVFFAE KLVFFAE 
EAFFVLK EAFFVLK 
 

KLVFFAE KLVFFAE 
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Figure 4-1. The staggered and blunt peptide bilayer interfaces containing antiparallel peptide β-

sheets. 
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Figure 4-2. Chemical structure of the N-terminal capping groups used in this study. 
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Results 

Is morphology controlled by the N-terminal cap? 

The N-acetyl-, N-isobutyl- and N-pivaloyl-Aβ(16-22) derivatives were synthesized 

via standard solid-phase Fmoc chemistry with overnight N-terminal capping. In 20% 

acetonitrile / water at acidic pH, all three peptides assembled as homogenous nanotubes, 

established by the electron micrographs (Figure 4-3). The N-acetyl- and N-isobutyl-

Aβ(16-22) tubes show indistinguishable diameters of 44 ± 4 nm (Figure 4-3a, b), slightly 

smaller than that measured in solution for the N-acetyl peptide with SAXS (Lu et al., 

2003), that may be the result of the variability of nanotube collapse on the EM grids  

 

cb a 

 

d 

1000nm 
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Figure 4-3. TEM and AFM images of N-substituted assemblies at acidic pH.  

TEM images of (a) N-acetyl-Aβ(16-22) nanotubes, (b) N-isobutyl-Aβ(16-22) nanotubes, and (c) N-

pivaloyl-Aβ(16-22) nanotubes. 

AFM images of (d) N-acetyl-Aβ(16-22) nanotubes, (e) N-isobutyl-Aβ(16-22) nanotubes, and (f) N-

pivaloyl-Aβ(16-22) nanotubes. 
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Nanotube samples were prepared by incubation of 1.5 mM peptide in 20% acetonitrile / water with 0.1% 

TFA at room temperature for 2 weeks prior to imaging. 

 

(Lu et al., 2007; Mehta et al., 2008). The N-pivaloyl-Aβ(16-22) tubes have a diameter of 

more than twice the size, 104 ± 10 nm (Figure 4-3c and Table 4-1). Despite the size 

variability, these tubes all have a wall thickness of just under 4 nm as measured by AFM 

(Table 4-1), and these numbers are consistent with previous neutron and x-ray scattering 

measurement on the N-acetyl-Aβ(16-22) tubes (Lu et al., 2003). 

 

Table 4-1. Estimated nanotube diameter and tube wall thickness.  

The nanotube dimensions were measured from the TEM and AFM images shown in Figure 4-3. The 

average tube diameter is obtained according to the equation of d = c/π (d: diameter; c: circle circumstance) 

and c is converted from the tube width (15 separate measurements) of dry tubes in EM images. The tube 

wall thickness is expressed as half the measured AFM height of 10 individual measurements and expressed 

as ±SD.  

Peptide: N-X-Aβ(16-22) acetyl- isobutyl- pivaloyl- 
Diameter (nm) 44 ± 4 44 ± 4 104 ± 10 

Wall thickness (nm) 3.8 ± 0.1 3.8 ± 0.1 3.9 ± 0.1 
 

At neutral pH (Figure 4-4), both N-acetyl- and N-isobutyl-Aβ(16-22) peptides 

assemble as unbranched twisted fibrils, but the N-isobutyl-Aβ(16-22) peptides have a 

high propensity for assembly, as shown in the dense fibrils in Fig 4-4b, and are 50% 

larger, diameters of 15nm, than N-acetyl-Aβ(16-22) fibrils (Figure 4-4a, and Table 4-2). 

Under the same conditions, N-pivaloyl-Aβ(16-22) still forms nanotubes with diameter of 

94 ± 8 nm (Figure 4-4c). This pH-independence is similar to that reported for the peptide 

containing the V18L-tert-leucine substitution (Liang et al., 2008b). 
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Figure 4-4. TEM and AFM images of N-substituted assemblies at neutral pH.  

TEM images of (a) N-acetyl-Aβ(16-22) fibrils, (b) N-isobutyl-Aβ(16-22) fibrils, and (c) N-pivaloyl-Aβ(16-

22) nanotubes. 

AFM images of (d) N-acetyl-Aβ(16-22) fibrils, (e) N-isobutyl-Aβ(16-22) fibrils, and (f) N-pivaloyl-Aβ(16-

22) nanotubes. 

In each case, the peptide (1.0 mM) was incubated in 20% acetonitrile/water with 15 mM pH6 MES buffer 

at room temperature for 2 weeks prior imaging.  

 

Table 4-2. Estimated Fibril width and tube wall thickness.  

The nanotube and fibril dimensions were measured from the TEM and AFM images shown in Figure 4-4. 

The final values represent the average of 10 measurements ± SD.  

Peptide: X-Aβ(16-22) Acetyl- Isobutyl- Pivaloyl- 
Fibril width or tube 

diameter (nm) 
10 ± 1 15 ± 2 94 ± 8 

Fibril height or tube wall 
thickness (nm) 

10.0 ± 1.0 16.0 ± 1.0 4.0 ± 1.0 

 

Impact on assembled secondary structure 

By circular dichroism (CD) analyses at acidic pH, the N-acetyl- and N-isobutyl-

Aβ(16-22) peptides mature to give signature β-sheet spectra with negative ellipticity 

centered at 214 and 212 nm, respectively (Figure 4-5). The N-pivaloyl-Aβ(16-22) peptide 

develops relatively weaker β-sheet signals that are red-shift to 220 nm (Figure 4-5). FT-
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IR confirmed the β-sheet assignment with the appearance of amide I band at 1627 cm-1 

for all three tubes (Figure 4-6a). In addition, the characteristic weak shoulder at 1693   

cm-1 suggested that all three peptides form antiparallel β-sheets at acidic pH (Blout and 

Lenormant, 1957; Elliott et al., 1950; Miyazawa, 1960). 
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Figure 4-5. CD analyses of Aβ(16-22) congener nanotubes.  

The N-acetyl-Aβ(16-22) (black), N-isobutyl-Aβ(16-22) (red), or N-pivaloyl-Aβ(16-22) (green) peptides 

(1.5 mM) were individually incubated in 20% acetonitrile / water with 0.1% TFA at room temperature for 2 

weeks prior to analysis. 

 

At neutral pH, the amide I stretches range from 1628 cm-1 to 1632 cm-1, again 

consistent with β-sheet structure (Figure 4-6b) (Haris and Chapman, 1995). N-acetyl-

Aβ(16-22) fibrils and N-pivaloyl-Aβ(16-22) tubes both display the diagnostic antiparallel 

shoulder at 1693 cm-1, but this band shifts to 1678 cm-1 in N-isobutyl-Aβ(16-22) fibrils, 

more consistent with parallel β-sheets (Chapter 3). Precipitation of N-isobutyl-Aβ(16-22) 

fibrils at more neutral pHs prevented further analysis by CD. 

 128



 

Figure 4-6. FT-IR analyses of Aβ(16-22) congener assemblies at (a) acidic pH, and (b) neutral pH.  

The preformed tubes in 20% acetonitrile / water containing 0.1% TFA were bundled with sulfate with 

peptide to sulfate ratio of 1 to 8, followed by the centrifugation and lyophilization. The resulted white 

powders were mixed and compressed with anhydrous KBr for IR analysis with IR spectra collected from 

4000 cm-1 to 400 cm-1. The IR sample of the matured fibrils in 20% acetonitrile / water with 15 mM pH6 

MES buffer was prepared with the same procedure without sulfate bundling. 

 

Impact on assembled peptide registry 

Peptide registry in amyloid assemblies have been assigned definitively by ssNMR 

analyses (Benzinger et al., 1998; Burkoth et al., 2000) and shown to correlate specifically 

with isotope edited (IE) FT-IR analyses (Mehta et al., 2008). The magnitude of the 

12C/13C band splitting is a function of where the isotopic substitutions are positioned 

within the β-sheet array (Decatur, 2006; Hiramatsu and Kitagawa, 2005; Kubelka and 

Keiderling, 2001; Paul and Axelsen, 2005; Petty and Decatur, 2005). For example, in the 

N-acetyl Aβ(16-22)[1-13C]F19-labeled peptides assembled under acidic conditions give a 

12C band at 1639 cm-1 and the13C band at 1597 cm-1 (Figure 4-7a), consistent with well-

alignment of F19 carbonyls (Mehta et al., 2008;  Halverson et al., 1991; Paul and Axelsen, 

2005; Paul et al., 2004) and antiparallel one-residue out-of registry -sheet. If the 

carbonyl is shifted away from resonance alignment, the magnitude of the splitting is 
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attenuated as seen for [1-13C] L17-labeled N-acetyl-Aβ(16-22) tubes (Figure 4-7b). All 

three peptide assemblies show identical splitting patterns for either [1-13C] F19 or [1-13C] 

L17 labels (Figure 4-7), confirming the same registry shifted -sheets in all of these tubes. 

 

Figure 4-7. Isotope-edited FT-IR of the nanotube assemblies at acidic pH with (a) [1-13C] F19 or (b) 

[1-13C] L17 labels.  

The major peaks within amide I region are specified and the name of the samples is presented at the right 

side of each corresponding line. 

 

At more neutral pHs (Figure 4-8a), the N-acetyl-Aβ(16-22) peptide assembles as 

antiparallel in-register β-sheet fibrils with their 13C stretch at 1606 cm-1 and 12C at 1635 

cm-1 in the amide I region when the carbonyl of F19 was isotope labeled. In contrast, the 

35 cm-1 splitting observed for the N-isobutyl-Aβ(16-22)[1-13C] F19-labeled fibrils are 

more consistent with parallel carbonyl alignments in a parallel in-register -sheet (Liang 

et al., 2008b). In contrast, the stretching modes of the N-pivaloyl-Aβ(16-22) tubes are the 

same, independent of pH, and similar enough to those of the N-acetyl-Aβ(16-22) peptide 

nanotubes assembled at acidic pH (Figure 4-8b) to assign them as antiparallel one-residue 

out-of registry -sheets. 
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Figure 4-8. Isotope-edited FT-IR of assemblies formed at neutral pH.  

(a) Amide I band region of the assemblies with [1-13C] F19-labeles. 

(b) [1-13C] F19- (top) or [1-13C] L17-labeled (bottom) N-pivaloyl- and N-acetyl-Aβ(16-22) at acidic or 

neutral pHs.  

In both figure, the major peaks within amide I region are specified and the peptide name corresponding to 

each line is presented. The neutral assembly conditions involved incubation of 1.0 mM peptide in 20% 

acetonitrile / water with 15 mM pH6 MES buffer for 2 weeks. 

 

Impact on the cross- amyloid structure 

For assemblies prepared under acidic conditions, the nanotubes were oriented with 

fluid flow and electron diffraction(Childers et al., 2009; Mehta et al., 2008) showed two 

sets of orthogonal d-spacing arcs at 4.7 Å and 9.8 Å for all three tubes (Figure 4-9) 

(Childers et al., 2009; Lu et al., 2007; Mehta et al., 2008). Even though the nanotubes 

differ in diameter, the overall hydrogen bonding repeats, lamination distances and pitch 

angles are the same (Table 4-3). The small lamination number precluded detection of the 

9.8 Å arcs in the fibrils but a single reflection arc corresponding to a d-spacing of 4.7 Å is 

apparent for the N-acetyl and N-isobutyl-Aβ(16-22) fibrils (data not shown), while the N-

pivaloyl-Aβ(16-22) tubes show the nanotube pattern (Table 4-3). 
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Figure 4-9. Electron diffraction of oriented nanotubes at acidic pH.  

N-acetyl-Aβ(16-22), (b) N-isobutyl-Aβ(16-22), and (c) N-pivaloyl-Aβ(16-22) tubes oriented vertically 

along the page as presented. 

The preformed tubes at acidic pH were applied to TEM grids, and were aligned by removing the excess 

solution with filter paper at one direction.  

 

Table 4-3. Measured d-spacing of these assemblies at both pHs.  

These reported values were determined from the electron diffraction micrographs shown in Figure 4-9. 

Acidic pH Neutral pH     N-X-Aβ 
(16-22) H-bonding (Å) H-bonding (Å) H-bonding (Å) Lamination (Å)

acetyl- 4.7 4.7 4.7 n/a 
isobutyl- 4.7 4.7 4.7 n/a 
pivaloyl- 4.7 4.7 4.7 9.8 

 

Structure modeling  

The assembled structural constraints set all the nanotubes as classic cross- amyloid 

composed of antiparallel, one residue out of register -sheets. Having measured the 

radius and the pitch angle, and using the d-spacing to define the ribbon width and the 

number of laminates, it is possible to calculate the pitch P of each nanotube using the 

following geometric relationship (Dong et al., 2006): P = 2πρtanψ and δ = W/cosψ (Table 

4-4). We propose that this greater than two fold increase in pitch and corresponding 

change in diameter arises from the packing of the bulky pivaloyl capping group both 
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along the -sheet in a cross-strained pairing sense as well as the packing between the 

leaflets of the nanotube bilayer. Computer modeling is now being pursued to better 

understand the energetic surfaces of these structures and extend the predictive potential 

for the control of nanotube size. 

Table 4-4. Nanotube parameters and dimensions.  

These parameters (tube radius ρ, pitch P, pitch angle ψ, ribbon width W and laminates #) were calculated 

based on experimentally determined TEM images (Figure 4-3) and electron diffraction constraints (Figure 

4-9) (Dong et al., 2006). 

N-X-
Aβ(16-22) 

Radius, 
ρ (nm) 

Pitch angle 
Ψ (º) 

Pitch 
P (nm) 

Ribbon width 
W (nm) 

Laminate 
# 

acetyl- 22 ± 2  65 296 125 128 
isobutyl- 22 ± 2 65 296 125 128 
pivaloyl- 52 ± 5 66 717 297 303 

 

The transitional control between fibril and nanotube assemblies is even more 

sensitive to the N-capping substituent. The addition of single methyl carbons mediates 

transitions from typical fibrils, to large fibril assemblies, to nanotubes; and these changes 

are probably driven from a shift from antiparallel in-registry, to parallel in-registry, to 

antiparallel one-residue out-of registry sheets. These sheet structures are depicted in 

Figure 4-10.  

N-acetyl-Aβ(16-22) fibrils N-isobutyl-Aβ(16-22) fibrils N-pivaloyl-Aβ(16-22) tubes

 

Figure 4-10. Peptide arrangements accessed under neutral assembly conditions.  

The peptide sequence (light blue rectangle), side chain charge (dark blue means positively-charged and red 

means negatively-charged), and capping group are shown. 
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Assuming that these differences may be the result of the exposed alkyl chains, the 

water exposed surface area (WESA) of these models within a six-peptide-strand β-sheet 

was calculated, in which both peptide N- and C-terminal groups (grey part in Figure 4-11) 

were included and the calculated surface area was listed in Table 4-5. For N-acetyl, there 

is no significant difference between the antiparallel and parallel in-register models (Table 

4-5) and previous analyses attributed the stability of the antiparallel in-registry 

orientation to cross-strand salt-bridge formation (lysine16 and glutamate22) (Mehta et al., 

2008). However, both N-isobutyl and N-pivaloyl caps have significantly less WESA in 

the parallel in-register β-sheets, consistent with the parallel β-sheet fibrils formed from 

octanoyl-Aβ(16-22) at neutral pH as discussed in Chapter 2 (Gordon et al., 2004). 

However, the hydrophobic clash between N-alkyl chains, denoted as Van der Waals 

contact in this study, with adjacent peptide strands also modulates the peptide 

orientation/registry. By constraining the full hydrogen-bonding interaction within peptide 

region, the terminal Van der Waals contact was shown in Figure 4-12. The average three 

bad contacts (hydrophobic clash) were detected for N-pivaloyl groups, much more than 

that for N-isobutyl groups. As with side chain cross-strand pairing, the modeling suggests 

that minimizing the packing of the pivaloyl group forces antiparallel out of registry 

arrangement and nanotube formation even at neutral pH. 
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N-acetyl-Aβ(16-22) N-isobutyl-Aβ(16-22) N-pivaloyl-Aβ(16-22)

 

f
ed 

c ba 

Antiparallel 
In-registry 

Parallel 
In-registry 

Figure 4-11. Water exposed surface for antiparallel and parallel β-sheets through conformational 

search.  

Upper panel (antiparallel in-register β-sheet): (a) N-acetyl-Aβ(16-22), (b) N-isobutyl-Aβ(16-22) and (c) N-

pivaloyl-Aβ(16-22). 

Lower panel (parallel in-register β-sheet): (e) N-acetyl-Aβ(16-22), (f) N-isobutyl-Aβ(16-22) and (g) N-

pivaloyl-Aβ(16-22). 

The six-peptide-strand β-sheet was treated with energy minimization and to get the fair comparison 

between parallel and antiparallel β-sheets, the calculated water exposed surface area is the sum of both N 

and C-terminal groups, highlighted with grey color.  

 

Table 4-5. Water exposed surface area (WESA) of the β-sheets corresponding to each model in 

Figure 4-11. 

Water exposed surface area (WESA) peptide 
Antiparallel in-register Parallel in-register 

Surface area 
difference 

N-acetyl-Aβ(16-22) 509 507 2 
N-isobutyl-Aβ(16-22) 702 641 61 
N-pivaloyl-Aβ(16-22) 729 665 64 
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N-isobutyl-Aβ(16-22) N-pivaloyl-Aβ(16-22) a b

Figure 4-12. Van der Waals contact between N-terminal alkyl chain and the adjacent peptide strands 

within parallel in-register β-sheets.  

(a) N-isobutyl-Aβ(16-22) β-sheet , (b) N-pivaloyl-Aβ(16-22) β-sheet. 

By constraining the peptide backbone hydrogen-bonding interaction (yellow dotted line), the Van der 

Waals contacts between parallel β-sheets after energy minimization were shown with red lines. Color code 

for the atoms: red for oxygen, blue for nitrogen and grey for carbon. 

 

Discussion 

Peptide terminal modification has frequently been employed as the strategy to 

functionalize peptide-based nanomaterials (Lu, 2005; Liang et al., 2008a), but the 

structure alteration has not been fully understood. Previous studies have already 

established that the interaction of different amino acid combinations (K-E salt-bridge or 

V18/A21 cross-strand pairing) at different pHs directs peptide orientation/registry within 

β-sheets and the corresponding self-assembled morphology (Liang et al., 2008b; Lu et al., 

2003; Mehta et al., 2008). Therefore, peptide termini interaction may regulate amyloid 

morphology and architecture through the simple modification. 

Peptide terminal modification may impact the self-assembly by rebalancing the 
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preexisting driving forces through the introduced new ones. As aforementioned, the self-

assembly driving forces (K-E or V-A), as well as the resulted peptide registry (in-registry 

vs out-of registry) within antiparallel β-sheets is dependent on the protonation state of 

glutamate (Liang et al., 2008b; Lu et al., 2003; Mehta et al., 2008), in other words, the 

incubation solution pH, which provides different local environments for peptide terminal 

caps. Therefore, we hypothesize that terminal interaction at the specific local 

environment will have distinct impacts on amyloid morphology and architecture under 

different incubation pHs. At acidic pH, antiparallel out-of registry β-sheets could not only 

create a cavity but also avoid hydrophobic clash between N-alkyl chains and the adjacent 

peptide strands through the N-terminal dangling. Therefore, the cavity created by the out-

of registry β-sheets may be able to accommodate these short/bulky alkyl chains, resulting 

in less impact on self-assembly architecture. In contrast, the antiparallel in-registry β-

sheets at neutral pH neither build a cavity to hold N-alkyl chains, nor circumvent the 

unfavorable Van der Waals interaction caused by the increased size of N-alkyl chains. To 

bury these hydrophobic alkyl chains in the suitable environment, subtle terminal 

modification may cause significant structure alteration. The impacts of N-bulky alkyl 

chains on amyloid architecture will be discussed individually in the following sections. 

At acidic pH, N-bulky alkyl chains maintain majority of amyloid self-assembly 

properties, indicating high plasticity of amyloid cross-β structure under this condition. 

Substitution of N-acetyl with isobutyl and pivaloyl groups not only keeps nanotube 

morphology (Figure 4-3), but also antiparallel out-of register peptide arrangements 

(Figure 4-7). This demonstrates that antiparallel out-of register β-sheets are able to 

accommodate these N-bulky alkyl chains without structure perturbation. However, 
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different from N-linear alkyl chains, these branched ones are short and rigid, which limit 

their bending to laminates. Therefore, the only place to hold them in nanotubes is in the 

terminal cavity, as supported by the constant peptide-repeat d-spacing along both 

hydrogen-bonding and lamination direction (Figure 4-9). When the size of N-alkyl chains 

exceeds this terminal cavity, these alkyl chains either keep self-assembly morphology by 

bending to fit themselves in laminates such as N-linear alkyl chains (Chapter 3) or change 

the self-assembly morphology by switching peptide arrangements such as N-Biotin (Lu, 

2005) and N-Rhodamine (Liang et al., 2008a). Therefore, these short/bulky alkyl chains 

are able to isolate the peptide terminal interaction, offering a simple and efficient strategy 

to probe peptide terminal structure.  

Even though these bulky alkyl chains maintain the majority of self-assembly 

properties at acidic pH, the increase of N-terminal bulkiness could control nanotube size 

by regulating the strength of peg-hole interaction at the bilayer interface. N-acetyl and N-

isobutyl tubes have similar size, but N-pivaloyl substituent dramatically increases tube 

size (Figure 4-3). This transition may attribute to the alkyl chains – cavity interaction in 

the bilayer interface. Increase the N-alkyl chains size may decrease bilayer freedom, 

resulting in the increase of peptide persistent length and the corresponding tube pitch and 

tube size (Figure 4-9 and Table 4-4). Shortly, the study at acidic pH demonstrates that the 

cavity created by out-of registry β-sheets is critical to accommodate N-bulky alkyl chains 

to maintain the amyloid architecture, while the peg-hole interaction is able to modulate 

tube size, which further supports the bilayer structure in Aβ(16-22) nanotubes (Lu et al., 

2003; Mehta et al., 2008; W. Seth Childers, 2010). 

At neutral pH, simple modification of N-terminal alkyl chains modulates the 
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amyloid morphology and architecture, while the cross β-structure is conserved (Figure 4-

6b). With the substitution of N-acetyl with N-isobutyl or pivaloyl group, the self-

assembled morphologies transit from typical to larger fibrils and to tubes (Figure 4-4), at 

the same time the corresponding peptide orientation/registry also switches from 

antiparallel in-registry to parallel in-registry and antiparallel out-of registry, respectively 

(Figure 4-8). Different from that at acidic pH, at neutral pH the in-registry β-sheets build 

a flat peptide terminal surface, which does not have space to accommodate N-bulky alkyl 

chains. As illustrated by structure modeling, to minimize water exposed surface area, the 

peptide strands have to switch orientation or shift the registry through balancing the 

introduced hydrophobic cluster and hydrophobic clash (Figure 4-12 and 4-13), which is 

consistent with the peptide orientation switch observed for N-octanoyl-Aβ(16-22) at 

neutral pH (Gordon et al., 2004).  

However, N-pivaloyl, the bulkiest alkyl chain, drives the antiparallel out-of registry 

β-sheets formation at neutral pH. This pH-independence has ever been reported for 

V18L-tert-leucine substitution, which is directed by the cross-strand size-complementary 

pairing interaction, instead of K-E electrostatic interaction (Liang et al., 2008b). 

Therefore, the pH-independence of self-assembly observed for N-pivaloyl substitution 

suggests that peg-hole interaction overwhelms the K-E salt bridge formation in 

antiparallel in-registry β-sheets, further supporting the important role of peptide terminal 

interaction in amyloid self-assembly. These pH-dependence studies demonstrate that the 

regulation capability of N-terminal alkyl chains on amyloid morphology and architecture 

is highly correlated with the original terminal surface structure and the bulkiness of N-

alkyl chains.  
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In summary, the defined plasticity of amyloid cross-β structure and the modulating 

effects of N-bulky alkyl chains on amyloid self-assemblies not only identify the role of 

peptide terminal interaction on amyloid self-assembly, but also shed light on amyloid 

self-assembly mechanism. In addition, these short/bulky alkyl chains could efficiently 

isolate the peptide terminal interaction, which offers a useful probe to study peptide 

terminal structures. Further, the variety of self-assembled architectures achieved by 

simply modification of bulkiness of N-alkyl chains presents an efficient way to 

manipulate self-assembly morphology/architecture; and the identified peg-hole cross-

leaflet interaction is complementary to the existed amino acid combinations, which could 

be adapted for novel nanomaterial applications. Whereas, deep understanding the specific 

interactions involved in peg-hole bilayer interface, as well as the role of peptide C-

terminal backbone alkyl substitutions in amyloid self-assembly are critical for the 

morphological control, which will be explored in the next chapter. 

 

Materials and methods 

Peptide synthesis and purification 

The peptide region (KLVFFAE) was automatically synthesized through standard 

FMOC/HBTU chemistry with FMOC Rink-amide polystyrene resin (Anaspec, Inc.) on a 

Rainin Symphony Quartet peptide synthesizer. The peptide N-terminus was capped 

manually by coupling the corresponding acid with resin overnight with HBTU/NMM 

activation. The cleavage (90 vol% TFA, 5 vol% thioanisole, 3 vol% ethanedithiol and 2 

vol% anisole) of the resin  was treated with cold diethyl ether 4 times to extract the crude 

peptide. The peptide was purified by reverse-phase HPLC (Waters Delta 600) using 
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Waters Atlantis C-18 preparative column (19 x 250 mm) and confirmed by MALDI-TOF 

(Voyager-DETM STR Biospectrometry Workstation) analysis with a-Cyano-4-

hydroxycinnamic acid (CHCA) as matrix. For Isotope-labeled peptides, the same 

procedure was applied except that the isotope-labeled amino acid was manually coupled 

for 4 hr. 

 

Fibril or nanotube assembly 

The weighted peptide powder was dissolved in 40% acetonitrile/water mixture with 

vortexing, and the sample was neutralized with 15 mM pH5.6 MES buffer or acidified 

with 0.1 vol% TFA for fibril and tube sample preparation, respectively. Incubation at 

room temperature for 1-3 weeks was generally required for the sample maturation.  

 

Transmission electron microscopy (TEM) and electron diffraction 

A diluted sample (10 μL, 0.05 mM to 0.1 mM) was applied on a TEM copper grid 

(200 mesh carbon supported grid from Electron Microscopy Sciences) for 1 minute, 

following with removing excess solution with filter paper and addition of another 10 μL 

staining solution (2% uranyl acetate, Sigma-Aldrich for 2 min. After wicking away the 

staining solution, the sample grids were placed in desiccators to dry under vacuum 

overnight. A Hitachi H-7500 transmission electron microscope was used to image the 

samples at 75 kV. 

The sample prepared for electron diffraction followed the above procedure without 

staining. To prepare an aligned sample on grids, the excess solution was slowly wicked 

away with filter paper at one direction. These micrographs were recorded on Philips 4500 
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transmission electron microscope in diffraction mode. A d-spacing, where d = λL/R, was 

calculated, where R is half the distance (mm) between two opposite arcs, λ is the electron 

wavelength (75 kV), and L is the camera length (distance in mm between specimen and 

photographic film), calibrated using an aluminum polycrystalline standard (Electron 

Microscopy Sciences, Hartfield, PA). 

 

Fourier Transform Infrared (FTIR) 

Spectra were collected on a Nicolet MAGNA-IR 560 Spectrometer with 4 cm-1 

resolution and generally 100-time scans were averaged. For sample preparation, the 

matured fibrils were pelleted at 16,100 xg for 5 minutes, frozen at 80ºC, and lyophilized 

to a dry powder. The tube samples were bundled with NADH with peptide to NADH 1:4 

ratio for 30 min before pelleting and drying. The dried sample was mixed well with 

grounded KBr (at a ratio of 1:10 (w/w)) and pressed into a transparent disk. Isotope-

edited IR sample preparation was identified.  

 

DRAWS sample preparation 

The preformed fibrils, prepared according to aforementioned procedure, were 

centrifuged, frozen and lyophilized to yield dry powder. 
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CHAPTER 5 

Exploiting Amyloid Plasticity for  

Architectural Control II  

 

Introduction 

Chapter 4 detailed the precise control afforded by N-terminal bulky alkyl 

substitution on amyloid morphology and architecture. The control comes from 

manipulating the energetic costs associated with either exposure of the peptide ends to 

solvent or packing these ends between the leaflets of the bilayer (Lu et al., 2003; Mehta et 

al., 2008). In both cases, very simple alkylation strategies were sufficient to control 

global architecture. With these results in mind, the H-bonding potential of the C-terminus 

should also contribute significantly to stability, and manipulating these associations 

should impact final architecture. We therefore proposed that systematic replacement of 

each N-H with an N-alkane at C-terminus could destabilize bilayer assembly and 

constrain cross-strand pairing while still being limited by the hydrophobic penalty of 

solvent exposure. By exploring this energetic tension and combining those lessons with 

the C-terminal constraints, we will greatly extend the range of architectures available to 

the amyloid fold. 

To test this hypothesis, we prepared a series of C-terminal modified N-acetyl-

Aβ(16-22)-NH2 peptides replacing one C-terminal amide hydrogen with either methyl, 
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ethyl, or lauryl chains. In addition, both H atoms were replaced with methyl to remove all 

H-bonding potential. We further modified some of the N-terminal structures developed in 

Chapter 2/3 to probe the complementarity of functionalized two ends, which we now 

propose to associate in the bilayer model (Lu et al., 2003; Mehta et al., 2008). We will 

show that indeed these simple substitutions can have a profound and predictable impact 

on assembly architecture independent of peptide sequence and that these assemblies 

further diversity the rich array of architectural morphologies available to amyloid 

assemblies.  

 

Results 

Is morphology controlled by the C-terminal cap? 

The C-terminal modified peptides were achieved by coupling the corresponding 

primary amine with side chain protected and C-terminal free peptide (N-acetyl-

K(Boc)LVFFAE(tButyl)-COOH). Accordingly, the N-acetyl side chain protected peptide 

was synthesized on 2-Chlorotrityl resin with the normal Fmoc chemistry, and the peptide 

was cleaved from the resin with weak acid (TFE : ACE : DCM = 1 : 1 : 8) to yield N-

acetyl-K(Boc)LVFFAE(tButyl)-OH, which was amidated in solution with the appropriate 

alkyl amines overnight. The peptides were deprotected with cleavage cocktail (90% 

TFA+ 5% EDT + 3% Thioanisol + 2% Anisol), purified via RP-HPLC, and their 

molecular weight was confirmed by MALDI-mass.  

When incubated at room temperature in 20% acetonitrile/water at acidic pH for 2-3 

weeks, both N-acetyl-Aβ(16-22)-NH2 and N-acetyl-Aβ(16-22)-NHCH3 assembled as 

nanotubes with diameters of 44 ± 5 nm and 43 ± 6 nm, respectively (Figure 5-1a, b). The 

 146



 

a 

b 

c 

d 

e 

f 

g 

h 

 147

Figure 5-1. Transmission electron micrographs of self-assemblies of C-terminal modified N-acetyl-

Aβ(16-22)-NH2 at both acidic and neutral pHs.  

Assemblies formed at acidic pH: (a) N-acetyl-Aβ(16-22)-NH2, (b) N-acetyl-Aβ(16-22)-NHCH3, (c) N-

acetyl-Aβ(16-22)-NHCH2CH3, (d) N-acetyl-Aβ(16-22)-NH(CH2)11CH3. 

Assemblies formed at neutral pH: (e) N-acetyl-Aβ(16-22)-NH2, (f) N-acetyl-Aβ(16-22)-NHCH3, (g) N-

acetyl-Aβ(16-22)-NHCH2CH3, (h) N-acetyl-Aβ(16-22)-NH(CH2)11CH3. All peptides (1.2 mM) were 



incubated in 20% acetonitrile / water containing either 0.1% TFA or 15 mM MES buffer at pH6 for 2-3 

weeks at room temperature prior to imaging. Representative micrographs are shown.  

 

N-acetyl-Aβ(16-22)-NHCH2CH3 formed small ribbons (Figure 5-1c), but did not 

assemble into tubes, whereas the N-acetyl-Aβ(16-22)-NH(CH2)11CH3 assembled to the 

mixed species with tubes and sheets (Figure 5-1d). 

At neutral pH, all these C-terminal modified peptides formed fibrils, independent of 

C-alkane length. N-acetyl-Aβ(16-22)-NH2 and N-acetyl-Aβ(16-22)-NHCH2CH3 fibrils 

are twisted with diameter of 10 nm (Figure 5-1e), while N-acetyl-Aβ(16-22)-NHCH3 and 

N-acetyl-Aβ(16-22)-NH(CH2)11CH3 fibrils are more rigid and flat with less twisted 

pattern. Moreover, N-acetyl-Aβ(16-22)-NH(CH2)11CH3 fibrils are tend to bundle 

together. 

 

Impact on assembled secondary structure 

As shown in Figure 5-2, the amide I region of the IR spectra, independent of the 

substitution on the C-terminal amide, show the diagnostic signature band for antiparallel 

sheets at 1690 cm-1 at neutral pH (Halverson et al., 1991; Mehta et al., 2008; Paul and 

Axelsen, 2005; Paul et al., 2004); while this band appears at slightly higher energy, 1693 

cm-1, in the homogeneous nanotubes formed at acidic pH. This difference also appears in 

the isotope-edited IR (IE-IR) spectra, as is most easily seen in the [1-13C] F19-labeled 

spectra shown in Figure 5-2a. The 13C oscillator appears at 1597 cm-1 in the -NH2 and -

NHCH3 tubes as well as the -NHCH2CH3 sheets, consistent with perfectly aligned 13C 

carbonyls, but the 12C bands of the N-acetyl-Aβ(16-22)-NHX (X = CH3, CH2CH3 and 

(CH2)11CH3) are shifted to lower energy at 1635 cm-1, 4 cm-1 less than that in the N-
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acetyl-Aβ(16-22)-NH2 tubes, most consistent with the strands being more loosely packed 

within the β-sheet. This compression of the 13C/12C splitting is even more pronounced in 

the fibers assembled at more neutral pHs, consistent with the confirmed in-register sheets 

of the N-acetyl-Aβ(16-22)-NH2 fibers. The N-acetyl-Aβ(16-22)-NH(CH2)11CH3 peptides, 

even though they formed nanotubes, show 13C stretching bands at 1605 cm-1 and 12C at 

1633 cm-1, which may be the results of more weakly assembled β-sheets or in-register 

antiparallel sheets. The precise assignment requires the further characterization by 

ssNMR. 

Figure 5-2. Isotope-edited IR amide I band of [1-13C] F19-labeled assemblies.  

Assemblies formed (a) at acidic pH, (b) at neutral pH. The major bands are specified and the sample names 

corresponding to each line are presented at the right side. 

In each case, 1.2 mM peptide was allowed to mature in 20% acetonitrile / water with either 0.1% TFA or 

15 mM MES (pH6) for 2-3 weeks. The preformed assemblies were pelleted directly (for fibrils) or after 

bundled with 10-fold sulfate (tubes/sheets). The white sample powder, yielded after being frozen and 

lyophilization, was mixed and pressed with KBR for IR spectra analysis.  

 

 

 

1450150015501600165017001750

 

Wavenumber cm-1

1635
1606

1690
N-acetyl-A(16-22)-

NH2

N-acetyl-A(16-22)-

NHCH3

N-acetyl-A(16-22)-

NH(CH2)11CH3

N-acetyl-A(16-22)-

NHCH2CH3

1450150015501600165017001750

 

Wavenumber cm-1

N-acetyl-A(16-22)-

NH2

N-acetyl-A(16-22)-

NHCH3

1639

1693

N-acetyl-A(16-22)-

NHCH2CH3

N-acetyl-A(16-22)-

NH(CH2)11CH3

1597a b 



 150

 

Impact on β-sheet laminates 

The X-ray diffraction shown in Figure 5-3, displays 4.7 Å H-bonding distance for 

both N-acetyl-Aβ(16-22)-NH(CH2)11CH3 assemblies, independent of incubation pH, but 

at acidic pH the main lamination d-spacing is 11.7 Å, 1.9 Å wider than N-acetyl-Aβ(16-

22)-NH2, suggestive of the insertion of C-(CH2)11CH3 into laminates (Chapter 2 and 3). 

The noteworthy is that broad peak at neutral pH with maximum of 12.0 Å may suggest 

two unresolved lamination distances or one uniform laminates with high dynamics.  

Figure 5-3. X-ray diffraction of N-acetyl-Aβ(16-22)-NH(CH2)11CH3 at (a) acidic and (b) neutral pH.  

The spectra were collected as white powder prepared by pelleting, freezing and lyophilizing matured (2-3 

weeks) assemblies at each pH. 

 

Impact of the C-N(CH3)2 substitution on morphology  

The N-acetyl-Aβ(16-22)-NH2 C-terminus has two hydrogen-bond sites to associate 

within the β-sheets or across the bilayer leaflets. In 20% acetonitrile/water at acidic pH, 

N-acetyl-Aβ(16-22)-NH2 assembled to homogenous nanotubes (Figure 5-4a) with 
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diameters of 44 ± 5 nm and characteristic β-sheet negative ellipticity at 212 nm (Figure 5-

4e). Both N-acetyl-Aβ(16-22)-NHCH3 and N-acetyl-Aβ(16-22)-N(CH3)2 self-assembled  

b a

c d
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Figure 5-4. TEM images and CD spectra of C-terminal methylated peptides at acidic pH. 

Negatively stained self-assemblies of (a) N-acetyl-Aβ(16-22)-NH2, (b) N-acetyl-Aβ(16-22)-NHCH3, (c) N-

acetyl-Aβ(16-22)-N(CH3)2 and (d) N-acetyl-Aβ(16-22)-OMe.  
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(e) CD spectra of the matured samples in 20% acetonitrile / water with 0.1% TFA.  

For each case, 1.5 mM peptide solution was incubated in 20% acetonitrile / water with 0.1% TFA at room 

temperature for 3 weeks to ensure maturation.  

by TEM analyses into nanotubes with diameters of 43 ± 6 nm and 50 ± 2 nm, 

respectively (Figure 5-4b, c), and show weak negative ellipticity ranging from 217 nm to 

226 nm (Figure 5-4e), most consistent with β-sheet secondary structure. The controlled 

peptide N-acetyl-Aβ(16-22)-OMe (Figure 5-4d), with one methyl group but without 

hydrogen-bond donor at the peptide C-terminus, assembled into homogenous tubes with 

diameter of 73 ± 7 nm (Figure 5-4d) with weak β-sheet signal at 226 nm (Figure 5-4e) in 

20% acetonitrile/water at acidic pH, indicating the similar assembly propensity with N-

acetyl-Aβ(16-22)-N(CH3)2. 

 

Impact of the C-N(CH3)2 substitution on bilayer  

The AFM images with the measurement profiles shown in Figure 5-5 indicate the 

tube wall layers by the tube-wall thickness analysis (Lu et al., 2003). N-acetyl-Aβ(16-

22)-NHCH3 tubes have the wall thickness of 3.7 nm, similar to that of N-acetyl-Aβ(16-

22)-NH2 tubes (Figure 5-5 and Table 5-1), suggestive of bilayer structure (Lu et al., 2003; 

W. Seth Childers, 2010). However, N-acetyl-Aβ(16-22)-X (X = N(CH3)2 and OMe) 

tubes without C-terminal H-donor have a reduced wall thickness of around 2.5 nm, very 

close to a single peptide length, suggesting monolayer tube wall in the latter two 

nanotubes.  

a b



 

a 
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Figure 5-5. AFM images with height measurement of C-terminal modified assemblies.  

(a) N-acetyl-Aβ(16-22)-NH2, (b) N-acetyl-Aβ(16-22)-NHCH3, (c) N-acetyl-Aβ(16-22)-N(CH3)2, (d) N-

acetyl-Aβ(16-22)-OMe.  

In the first three cases, 1.5 mM peptide was incubated in 20% acetonitrile / water at acidic pH for 3 weeks 

and the last one is the one week sample with the mixture of tube and filaments. The scale bar represents 

1000 nm. 



Table 5-1. Estimated tube-wall thickness.  

The wall thickness is determined by averaging ten measurements of dry tubes on silica chip by AFM, 

expressed as ± sd. Here, the tube wall thickness is roughly estimated to be half of the dry tube height 

obtained from AFM.  

N-acetyl-Aβ(16-22)-X -NH2 -NHCH3 -N(CH3)2 -OMe 
Tube wall thickness (nm) 3.8 ± 0.1 3.7 ± 0.1 2.5 ± 0.1 2.3 ± 0.4 

 

Impact of the C-N(CH3)2 substitution on peptide arrangement  

As shown in Figure 5-6, the amide I region of IE-IR spectra including [1-13C] F19-

labeles shows the high wave number antiparallel diagnostic band at 1693 cm-1 for all 

tubes, along with the red-shift of 13C oscillators to 1597 / 1599 cm-1, indication of 

antiparallel one-residue out-of registry for N-acetyl-Aβ(16-22)-NH2 and N-acetyl-Aβ(16-

22)-NHCH3 β-sheets (Miyazawa, 1960). However, 13C stretch in N-acetyl-Aβ(16-22)-  

1400150016001700

N-acetyl-A(16-22)-NH2

fibril pH6

N-acetyl-A16-22)-N(CH3)2

 tube pH2

N-acetyl-A(16-22)-NHCH3

 tube pH2 

Wavenumber cm-1

N-acetyl-A(16-22)-NH2

 tube pH2

1597
1639

1693

 

Figure 5-6. Isotope-edited IR amide I band of [1-13C] F19-labeled C-terminal modified tubes under 

acidic conditions. 

In each case, the 1.5 mM peptide was incubated in 20% acetonitrile / water with 0.1%TFA for 3 weeks. 
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N(CH3)2 nanotubes is at 1608 cm-1 with 12C at 1637 cm-1, which is very close to the 

amide I bands of N-acetyl-Aβ(16-22)-NH2 fibrils with antiparallel in-register β-sheets 

(Figure 5-6, blue line). The precise assignment of N-acetyl-Aβ(16-22)-N(CH3)2 

arrangement within nanotubes requires further structure characterization with ssNMR. 

 

Impact of the C-N(CH3)2 substitution on β-sheet laminates 

In addition, the electron diffraction was performed for aligned N-acetyl-Aβ(16-22)- 

N(CH3)2 tubes to evaluate the impacts of C-terminal dimethyl groups on the peptide  

   

Figure 5-7. Electron diffraction of N-acetyl-Aβ(16-22)-N(CH3)2 nanotubes.  

The electron diffraction micrograph was collected from the aligned nanotubes on TEM grids prepared by 

wicking off the extra solution of matured tubes (3-week incubation at pH2) with a piece of filter paper at 

one direction. The right black arrow points to the aligned tube axis and the black line cross the center is the 

instrument artifact. 

21

3

4

5 6

7
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stacking within tubes. In deed, the diffraction shows very abnormal patterns from that of 

N-acetyl-Aβ(16-22)-NH2 and other mutated tubes at acidic pH. Most strikingly, several 

arcs with variable distances were obtained (Figure 5-7 and Table 5-2) with the hydrogen-

bonding distance of 4.7 Å and lamination distance of 10.0 Å. Interestingly, the angle 

between H-bonding and lamination is 51º, instead of 90º, frequently observed in other 

cross β-sheet amyloids (Childers et al., 2009; Mehta et al., 2008). In addition, there are 

single arc 4 and 7 with distance of 4.4 Å and 10.6 Å, respectively, which have not been 

assigned yet. The further assignment of this tube structure requires more characterization 

information. 

Table 5-2. The peptide repeat distances corresponding to each arc in Figure 5-7. 

Arc 1 2 3 4 5 6 7 
Distance (Å) 3.3 3.6 3.9 4.4 4.7 10.0 10.6 
 

Impact of mixing N- and C-terminal alkyl substitutions on assembled 

morphology and peptide arrangement  

As one of the representatives to evaluate the impact of N- and C-terminal 

interaction on amyloid self-assembly, the simple methyl group was chosen as the C-

terminal substitution and fatty acids of different length were coupled at the N-terminus of 

H2N-Aβ(16-22)-NHCH3. At acidic pH, N-acetyl-Aβ(16-22)-NHCH3 assembled to 

majority nanotubes with few ribbons, while N-isobutyl-Aβ(16-22)-NHCH3 only formed 

ribbons as TEM analysis (Figure 5-8b). The longer N-substitution N-lauryl-Aβ(16-22)-

NHCH3 resumed the formation of nanotubes with larger size, but N-palmityl-Aβ(16-22)-

NHCH3 with even longer N-alkane substitution formed bundled fibrils. At neutral pH, N-

acetyl-Aβ(16-22)-NHCH3 assembled to rigid, flat fibrils with well-separation (Figure 5-  
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Figure 5-8. TEM and Isotope-edited IR spectra of X-Aβ(16-22)-NHCH3 (X = N-acetyl, -isobutyl, -

lauryl and -palmityl).  

The TEM images of self-assemblies formed at acidic pH: (a) N-acetyl-Aβ(16-22)-NHCH3, (b) N-isobutyl-

Aβ(16-22)-NHCH3, (c) N-lauryl-Aβ(16-22)-NHCH3, and (d) N-palmityl-Aβ(16-22)-NHCH3; and fibrils 

assembled at neutral pH: (e) N-acetyl-Aβ(16-22)-NHCH3, (f) N-isobutyl-Aβ(16-22)-NHCH3, (g) N-lauryl-

Aβ(16-22)-NHCH3, and (h) N-palmityl-Aβ(16-22)-NHCH3.  

Stacked FT-IR spectra amide I region of [1-13C] F19-labeled X-Aβ(16-22)-NHCH3 (X = N-acetyl, -

isobutyl, -lauryl and -palmityl) at (i) acidic pH and (j) neutral pH, with peptide name presented at the right 

side of each line.  

In each case, 1.2 mM peptide was incubated in 20% acetonitrile / water with either 0.1% TFA or 15 mM 

(pH6) MES buffer for 2-3 weeks to allow for maturation. 

 

8e), while N-acetyl-Aβ(16-22)-NHCH3 formed fibrils with loosely bundled thin 

filaments (Figure 5-8f). For the longer N-alkanes, N-lauryl-Aβ(16-22)-NHCH3 and N-

palmityl-Aβ(16-22)-NHCH3 assembled to fibrils with high tendency to bundle together 

(Figure 5-8g-h).  

In the FT-IR spectra amide I region (Figure 5-8i), N-acetyl-Aβ(16-22)-NHCH3 

tubes and N-isobutyl-Aβ(16-22)-NHCH3 ribbons assembled at acidic pH both show the 

amide I stretches of 13C component at 1599 cm-1 and 12C at 1635 cm-1, along with 1691 

cm-1 high wave number shoulder band, suggestive of antiparallel one-residue out-of 

register β-sheets (Mehta et al., 2008). However, for the long N-alkanes, the amide I bands  

of N-lauryl-Aβ(16-22)-NHCH3 tubes and N-palmityl-Aβ(16-22)-NHCH3 fibrils display 

same stretches for 13C and 12C oscillators at 1605 cm-1 and 1632 cm-1, respectively 

(Figure 5-8i), which is exactly same as the amide I spectra of N-acetyl-Aβ(16-22) fibrils 

with antiparallel in-registry β-sheets (Mehta et al., 2008). At neutral pH, independent of 

N-alkyl substitutions, the amide I bands of all four assemblies show antiparallel 

diagnostic shoulder band at 1690 cm-1 and the major stretches at 1605 cm-1 and 1633 cm-1, 

respectively (Figure 5-8j), suggestive of antiparallel in-registry β-sheets (Mehta et al., 
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2008). This initial structure information provides the basic clue for the further 

characterization, such as isotope-labels for ssNMR.  

Another series of N- and C- double substitution N-X-Aβ(16-22)-N(CH3)2 (X = 

acetyl, isobutyl, lauryl and palmityl) were also studied, as comparison to the significant 

impacts of C-terminal dimethyl on amyloid architecture. When incubated in 20% 

acetonitrile/water at acidic pH, N-acetyl-Aβ(16-22)-N(CH3)2 assembled to homogenous 

tubes with diameter of 50 ± 2 nm (Figure 5-9a), while N-isobutyl-Aβ(16-22)-N(CH3)2 

only formed small ribbons with width of 25 ± 6 nm (Figure 5-9b). For the longer N-

alkane substitutions, N-lauryl-Aβ(16-22)-N(CH3)2 resumed the formation of 

homogenous nanotube with diameter of 54 ± 8 nm (Figure 5-9c) and N-palmityl-Aβ(16-

22)-N(CH3)2 formed the mixed species of tubes and ribbons (Figure 5-9d). At more 

neutral pH, N-acetyl-Aβ(16-22)-N(CH3)2 assembled to flat and rigid fibrils without 

twisting pattern, while N-isobutyl-Aβ(16-22)-N(CH3)2 and N-lauryl-Aβ(16-22)-N(CH3)2 

formed flat fibrils too, but these fibrils were more intent to bundle together (Figure 5-9e-

h). Under the same conditions, N-palmityl-Aβ(16-22)-N(CH3)2 assembled to bundled 

fibrils, which may attribute to the N-long alkanes. 

The peptide registry was defined by isotope-edited IR (Figure 5-9i-j). At acidic pH, 

the FTIR amide I bands show the diagnostic antiparallel high wave number shoulder at 

1689 cm-1, independent of the assembled morphologies and the N-alkane length. The 

stretches of 12C and 13C for N-acetyl-Aβ(16-22)-N(CH3)2 tubes are unique at 1643 cm-1 

and 1608 cm-1 respectively; and the rest three assemblies, N-isobutyl-Aβ(16-22)-

N(CH3)2 ribbons, N-lauryl-Aβ(16-22)-N(CH3)2 tubes and N-palmityl-Aβ(16-22)-

N(CH3)2 tubes  
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Figure 5-9. TEM and Isotope-edited IR spectra of N-X-Aβ(16-22)-N(CH3)2 (X= acetyl, isobutyl, 

lauryl and palmityl).  

The electron micrographs of self-assemblies formed at acidic pH: (a) N-acetyl-Aβ(16-22)-N(CH3)2, (b) N-

isobutyl-Aβ(16-22)-N(CH3)2, (c) N-lauryl-Aβ(16-22)-N(CH3)2, and (d) N-palmityl-Aβ(16-22)-N(CH3)2; 

and fibrils assembled at neutral pH: (e) N-acetyl-Aβ(16-22)-N(CH3)2, (f) N-isobutyl-Aβ(16-22)-N(CH3)2, 

(g) N-lauryl-Aβ(16-22)-N(CH3)2, and (h) N-palmityl-Aβ(16-22)-N(CH3)2.  

Stacked FT-IR spectra amide I region of [1-13C]F19-labeled N-X-Aβ(16-22)-N(CH3)2 (X=acetyl, isobutyl, 

lauryl and palmityl) at (i) acidic pH and (j) neutral pH, with peptide name presented at the right side of each 

line.  

In each case, 1.2 mM peptide was incubated in 20% acetonitrile / water with either 0.1% TFA or 15 mM 

(pH6) MES buffer for 2-3 weeks to allow for maturation. 

 

and ribbons, have the similar stretches with 12C centered around 1635 cm-1 and 13C at 

1599 cm-1, consistent with the well-alignment of 13C carbonyls in the antiparallel one-

residue out-of register β-sheets. At neutral pH, the amide I region of the first three fibrils, 

N-acetyl-Aβ(16-22)-N(CH3)2, N-isobutyl-Aβ(16-22)-N(CH3)2 and N-lauryl-Aβ(16-22)-

N(CH3)2, display the antiparallel diagnostic band at 1689 cm-1. In this region, 13C stretch 

is at 1608 cm-1 for N-acetyl-Aβ(16-22)-N(CH3)2 fibrils with an unusual flat region 

between 1650 cm-1 to 1616 cm-1. For N-isobutyl-Aβ(16-22)-N(CH3)2 and N-lauryl-

Aβ(16-22)-N(CH3)2 fibrils, their amide I stretches are same with 13C and 12C at 1603 cm-

1 and 1635 cm-1, respectively, close to the 12C/13C splitting in N-acetyl-Aβ(16-22)-NH2 

antiparallel in-register fibrils (Mehta et al., 2008). However, the amide I region of N-

palmityl-Aβ(16-22)-N(CH3)2 fibrils shows an intermediate shoulder band at 1681 cm-1 

and two stretches of 12C and 13C at 1639 cm-1 and 1612 cm-1, respectively, suggesting the 

mixed antiparallel and parallel β-sheets. 
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Impact of mixing N- and C-terminal alkyl substitution on β-sheet 

laminates  

X-ray diffraction analysis of N-lauryl-Aβ(16-22)-NHCH3 and N-lauryl-Aβ(16-22)-

N(CH3)2 was preformed to evaluate the impact of N-lauryl group on the β-sheet 

laminates in the presence of C-terminal alkanes. As shown in Figure 5-10, all four 

assemblies 

Figure 5-10. X-ray diffraction of N- and C- double-substituted peptide assemblies.  

The X-ray of the assemblies formed at acidic pH: (a) N-lauryl-Aβ(16-22)-NHCH3 tubes and (b) N-lauryl-

Aβ(16-22)-N(CH3)2 tubes; the assemblies formed at neutral pH: (c) N-lauryl-Aβ(16-22)-NHCH3 and (d) 

N-lauryl-Aβ(16-22)-N(CH3)2 fibrils.  

In each case, 1.0 mM peptide was incubated in 20% acetonitrile / water with 0.1% TFA or with 15 mM 

pH6 MES buffer for 2 weeks to allow maturation. The preformed tubes were bundled with NADH with 1 to 
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4 ratio, then pelleted, frozen and lyophilized to yield white powder for X-ray analysis. The fibril samples 

followed the same procedure without bundling step. 

 

conserve the H-bonding d-spacing of 4.8 Å, independent of incubation pH and the 

peptide terminal substitutions; while the lamination d-spacing is variable with broad 

peaks, suggesting the loosely sheets packing with high dynamic or the heterogeneity of 

the structure. The lamination d-spacing of N-lauryl-Aβ(16-22)-NHCH3 tubes (acidic pH) 

is at 12.5 Å and that of fibrils (neutral pH) is slightly short with the d-spacing at 11.1 Å; 

whereas, the lamination d-spacing of N-lauryl-Aβ(16-22)-N(CH3)2 tubes (acidic pH) and 

fibrils (neutral pH) is at 13.2 Å and 10.5 Å, respectively. Comparing to the 11.5 Å 

lamination distance observed in N-lauryl-Aβ(16-22)-NH2 tubes at acidic pH, the longer 

distances obtained here suggest that the C-terminal methyl and dimethyl groups may 

interact with N-lauryl group to expand the laminates, consistent with the loosely sheets 

packing. 

 

Discussion 

The energetic constraints from the amino acid pairing interactions, such as K / E 

cross-strand electrostatic interaction, V / A cross-strand pairing, F/F aromatic interaction 

and the new discovered cross-leaflets peptide terminal interaction, play a critical role to 

modulate amyloid morphology and architecture. Therefore, peptide C-term s, one of 

the components in the bilayer interface, may contribute significantly to amyloid self-

assemblies by regulating the cross-leaflets hydrogen-bonding and hydrophobic 

interaction. 

inu
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Peptide C-terminus, due to two protons on the amide nitrogen, implies the potential 

different impacts on amyloid assembly from N-terminus. Substitution one of C-amide 

protons with alkanes will cause three possible impacts including 1) weakening cross-

leaflets H-bonding interaction by eliminating one H-bond donor, 2) weakening cross-

leaflets interaction by increasing the C-terminal steric effect, and 3) strengthening the 

bilayer interaction through increasing the overall peptide hydrophobic interaction. 

Substitution of both C-amide protons will totally eliminate the H-bonding interaction 

either cross-leaflets or cross-strand, which may destabilize the bilayer and β-sheet, 

resulting in different amyloid architecture. Introducing N-alkane to the C-mono or 

dimethylated peptide may result in new features by increasing possibility of N- and C-

alkane interaction. The impacts of these modifications on amyloid structure and 

architecture will be discussed individually. 

C-terminal mono-alkane substitution modulates amyloid architecture through the 

different way from N-terminal alkanes. With increasing the length of C-alkane, the 

morphologies assembled at acidic pH transit from tube to ribbons to tubes again, similar 

as but earlier (between C-methyl to C-dimethyl (Figure 5-1)) than the transition occurred 

for N-alkanes ((N-butyl to N-valeryl) (Figure 3-1)). At this pH, increasing C-terminal 

alkanes either makes the peptide packing within β-sheets weakening or renders peptide 

registry shifting from one-residue out-of registry to in-registry, which requires further 

confirmation (Figure 5-2a). However, within this alkane length range (shorter than lauryl), 

the N-alkanes maintain the same peptide arrangement (antiparallel one-residue out-of 

register β-sheets) in both tubes and sheets assembled at acidic pH (chapter 3). These 

differences may result from the different relative positions of N- and C-termini in 
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antiparallel out-of register β-sheets. The dangling-out and flexible N-terminus is more 

tolerant to the modification, but C-terminus is more constraint by burying inside, so 

amyloid architecture is more sensitive to the modification at C-terminus. This effect is 

consistent with the more significant impact of C-terminal amino acid mutation than N-

terminal amino acid substitution on amyloid assembly (Lu, 2005). At neutral pH, C- and 

N-alkanes cause dramatical different impacts on amyloid architecture, such as 

maintaining the same peptide arrangement (Figure 5-2) by C-alkanes but altering the 

peptide orientation from antiparallel to parallel by N-alkanes (Figure 3-4) (from N-acetyl 

to N-propyl), even though both C- and N-alkanes maintain fibril morphology (Figure 5-1). 

This different impact may be correlated with the hydrophobic interaction between both 

terminal groups which will be discussed in detail in the following section.  

Terminal H-bonding interaction plays critical role on modulating peptide 

registry/peptide layers within tube wall in the absence of other forces. Even though the 

electron diffraction of N-acetyl-Aβ(16-22)-N(CH3)2 tubes has not been fully assigned, 

the complicated diffraction patterns indicate unusual tube architecture. From the known 

structure information, we know that elimination of the potential terminal H-bonding 

interaction alters tube architecture by shifting the peptide registry from out-of registry to 

in-registry and by changing tube wall from bilayer to monolayer. This architecture switch 

may correlate with the number of H-bonds required to stabilize peptide stands within β-

sheets. With antiparallel out-of registry, there are seven hydrogen-bonds between two 

adjacent peptide strands within N-acetyl-Aβ(16-22)-X (X = NH2, or NHCH3) β-sheets 

(Figure 5-11 and Table 5-3), but only six in N-acetyl-Aβ(16-22)-N(CH3)2 β-sheets. 

Shifting of N-acetyl-Aβ(16-22)-N(CH3)2 to in-register β-sheets would gain one more 
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hydrogen-bond (Figure 5-11). Therefore, we speculate that seven hydrogen-bonds may be 

required to form stable β-sheets for seven-residue peptides in the absence of other 

favorable forces. It is noteworthy to mention that terminal hydrogen-bonding interaction 

is critical but not necessarily required for the bilayer formation since by introducing other 

favorable force such as hydrophobic interaction, the peptide out-of registry and bilayer 

structure are able to be recovered (N-lauryl-Aβ(16-22)-N(CH3)2, data not shown). The 

role of N-lauryl group on this structure switch requires further investigation. 

Figure 5-11. The illustration of H-bonding interaction of three C-terminal modified peptides in two 

different peptide β-sheets.  

The two peptide strands stack together with antiparallel in-registry (upper panel) and antiparallel one-

residue out-of registry (lower panel) with distance of 4.7 Å. Color codes: red for oxygen, blue for nitrogen, 

grey for carbon and yellow dot represents hydrogen-bonds. 

 

Table 5-3. Average number of hydrogen-bonds between two adjacent peptide strands within β-sheets 

(Figure 5-11).  

# of Hydrogen-bond N-acetyl-Aβ(16-22)-
NH2 

N-acetyl-Aβ(16-22)-
NHCH3 

N-acetyl-Aβ(16-22)-
N(CH3)2 

 

N-acetyl-Aβ(16-22)-NH2 N-acetyl-Aβ(16-22)NHCH3 N-acetyl-Aβ(16-22)N(CH3)2

Antiparallel 
In-registry 

Antiparallel 
Out-of registry 

Antiparallel in-registry 8 8 7 
Antiparallel out-of registry 7 7 6 

 

Mixed substitutions of simple C-alkanes with N-linear alkanes are able to regulate 

amyloid architectures in a different way from either C- or N-alkanes through terminal 

interaction. As established in Chapter 2 and 3, N-linear alkanes renders the parallel β-

sheets formation for N-myristyl to N-palmityl at acidic pH and from N-propyl to N-

palmityl at neutral pH, but in the presence of C-terminal mono or dimethyl groups, the 



self-assemblies within these alkane length ranges at either acidic pH or neutral pH 

maintain antiparallel β-sheets. The interaction between N- and C-alkanes is one of the 

possibilities to keep this antiparallel orientation, consistent with the literature report that 

N- and C-alkyl chain interaction directs peptide orientation (Iqbal et al., 2008). The 

underneath mechanism of how this interaction between N-long alkanes and C-short 

alkanes directs peptide arrangements remain unclear and the further study is undergoing.  

The elucidation of the role of peptide C-terminal alkyl chains and terminal 

backbone hydrogen-bonds on amyloid self-assembled morphologies and architectures 

further clarifies the underneath mechanism of molecular self-assembly. Regardless of 

final peptide orientation and registry within β-sheets, the lipid alkyl chains at either 

peptide terminus tend to interact with amyloid peptides by bending to fit in laminates. 

This phenomenon may imply the inherent capability of Aβ to interact with lipid, shedding 

light on the underneath mechanism of amyloid neurotoxicity through in vivo 

amyloid/membrane interaction. Moreover, the C-terminal modification extends our 

current strategies for the rational design of nanomaterials with desired structure through 

modulating the N-and C-terminal alkyl chains or hydrogen-bonding interactions. 

The finding in this chapter also raises a question about the role of side chain 

hydrogen-bonding interaction for amyloid assembly, which will be addressed in the 

following chapter. 

 

Materials and methods 

Synthesis of side chain protected and C-terminal free peptide: Ac-

K(Boc)LVFFAE(tBu)-OH 
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The peptide was synthesized on a peptide synthesizer with 2-Chlorotrityl resin. The 

same procedure for Rank amide resin was followed except no capping with acetic 

anhydride. After the synthesis was completed, the resin was collected from the 

synthesizer, and dried with dichloromethane. The resin was placed in the Sigmacote 

treated glass round bottle and the cleavage cocktail (DCM : ACD : TFE = 8 : 1 : 1) was 

added. The reaction mixture was allowed to gently stir at room temperature for 1 hour, 

followed by filtration to remove the resin. The filtrate was collected and concentrated on 

rotavap under reduced pressure. The high boiling point solvents were removed via 

azeotropic evaporation of its hexane mixture with rotavap. After repeated addition of 

hexane and evaporation, dry powder or peptide film was obtained, which was used for the 

next step without further purification 

 

Amidation of peptide C-terminus 

The side chain protected peptide (1.0 equiv.) was dissolved in the minimum amount 

of Dimethylformamide (DMF). To the peptide solution were then added N,N-

Diisopropylethylamine (DIPEA) (7.8 equiv.), 2-(1H-Benzotriazol-1-yl)-1,1,3,3-

TetramethylUronium hexafluorophosphate (HBTU) (3 equiv.) and methylamine 

hydrochloride or dimethylamine hydrochloride or C12 amine hydrochloride (3.3 equiv.). 

The reaction mixture was stirred at room temperature overnight. Then the reaction 

mixture was concentrated on rotavap with vacuum to remove some DMF. The residue 

was precipitated in cold ether with drop-wise fashion and the white precipitate was 

washed with cold ether two more times and air-dried. 
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Deprotection of the peptide 

The peptide powder was treated with the cleavage cocktail (TFA : EDT : 

Thioanisol : anisol 90 : 5 : 3 : 2, volume ratio) and allowed to stir for 2 hr. The reaction 

mixture was titrated in cold ether to precipitate out the desired peptide. The crude peptide 

was washed three more times with cold ether and centrifuged to yield the pellet, which 

was dried in hood prior to the HPLC purification. 

 

Synthesis of Ac-KLVFFAE-OMe 

To synthesize the peptide C-terminal backbone methyl ester, the following synthetic 

strategy was developed. The side chain free carboxylic acid of Fmoc-Glu-OMe was 

coupled to Wang resin, providing the desired solid-supported Fmoc-Glu-OMe for the 

Fmoc solid phase synthesis (FSPS).  

Fmoc solid phase synthesis

Cleavage with TFA

Ac-KLVFFAE-OMe

O N
H

O COOMe

OH

O

O N
H

O COOMe

O

O

(Wang Resin-OH)
OH

DCC, Pyr. CH2Cl2

 

Coupling of the Fmoc-Glu-OMe to Wang resin 

To a round-bottomed flash was charged with stir bar, Wang resin (204 mg, 0.2 

mmol, 1.0 equiv.) and CH2Cl2 (5 mL). To this suspension were added Fmoc-Glu-OMe 

(GL Biochem Ltd. 115 mg, 0.3 mmol, 1.5 equiv.), pyridine (24.3 μL, 0.3 mmol, 1.5 

equiv.) and N,N'-Dicyclohexylcarbodiimide (DCC) (62 mg, 0.3 mmol, 1.5 equiv.). The 
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reaction mixture was gently stirred for 24 hr at room temperature. The reaction mixture 

was filtered and the resin was washed with methanol and CH2Cl2 and allowed air dry. In 

order to determine the loading efficiency, small amount of dry resin was used as follows. 

The dry resin (2.12 mg) was added to 1.0 mL solution of 20% piperidine / DMF and 

incubated for 30 min with occasional agitation. The resin was removed by centrifugation 

and the supernatant was analyzed with UV at 295 nm to determine the loading efficiency 

to be 0.6 mmol/g. 

To prevent the rest of hydroxyl group on wang resin for the further reaction, above 

loaded resin was acetylated by mixing with 4.0 mL CH2Cl2, acetic anhydride (2.0 mL) 

and triethylamine (1.0 mL) at room temperature. After 2 hr, the suspension was filtered 

and the resin was collected, washed with CH2Cl2 and dried in air for the solid phase 

peptide synthesis. 
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CHAPTER 6 

Glutamine Cross-Strand Pairing in Amyloid 

Assembly 
 

Introduction 

Mutations of the glutamate residue at position 22 in the amyloid β-peptide are 

known to aggravate Alzheimer’s disease onset, and substitutions with glutamine, the 

Dutch mutation, most significantly impacts symptoms (Davis and VanNostrand, 1996). 

This specific substitution has been studied in both full length (Aβ(1-40)E22Q) (Davis and 

VanNostrand, 1996) as well as shorter peptide models (Aβ(13-26)E22Q) (Clements et al., 

1993) to understand the role of glutamine. In fact, glutamine residues seem to be 

important in other neurodegenerative etiologies, most notably Huntington’s disease 

(Kvam et al., 2009; Rousseau et al., 2009), where long tracks of glutamines appear to 

optimize hydrogen-bonding between side-chains to drive aggregation (Perutz, 1999a; 

Perutz, 1999b; Perutz et al., 1994). Our previous results have continued to implicate side 

chain interactions, both along the sheet and between individual sheets, as important to 

amyloid assembly (Dong et al., 2006; Lu et al., 2003; Mehta et al., 2008). In this chapter, 

I have combined these observations of glutamine with my previous results that the 

residues at the C-terminus of N-acetyl-Aβ(16-22) offers a very sensitive site for exploring 

cross strand pairing interactions.  
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Our basic hypothesis is that the E22Q (N-acetyl-Aβ(16-22)E22Q) substitution 

would not stabilize the cross-sheet interactions that are so important for the cytosine 

substituted (Liu et al., 2008) and Zn+2 associated (Dong et al., 2006) nanotubes. However, 

E22Q would specifically strengthen the cross-strand associations along the -sheet much 

as the Aβ(13-21)H14A do in their association with metals  (Dong, 2006). To test this 

hypothesis, I have determined the impacts of glutamine residues on amyloid self-

assemblies and focus on the self-assembly of a series of glutamine side-chain alkyl 

substitutions. By defining the morphology, peptide secondary structure, peptide 

orientation/registry and peptide repeat distances, I have determined the factors that drive 

glutamine-directed peptide assembly.  

 

Results 

Impact of Q substitution on the self-assembly of N-acetyl-Aβ(16-22) 

As previously reported, N-acetyl-Aβ(16-22) formed homogenous nanotubes with a 

diameter of  44 ± 5 nm (Figure 3-1a) and twisted fibrils with diameter of 8 to 10 nm 

(Figure 2-3a) at acidic and neutral pH, respectively (Lu et al., 2003; Mehta et al., 2008). 

To interrogate the impact of substitution, a glutamine scanning approach sequentially 

replaced six residues (L17, V18, F19, F20, A21, and E22) with glutamine. K16 was 

required for the N-terminal charge that maintained solubility and was not replaced in this 

study. At acidic pH, all six glutamine-substituted peptides assembled as fibrils (Figure 6-

1a-f), with E22Q and L17Q giving the most homogeneous assemblies (Figure 6-1a, f).  
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Figure 6-1. TEM images of glutamine substituents assembled at acidic pH.  

Negative-staining of (a) E22Q, (b) A21Q, (c) F20Q, (d))F19Q, (e) V18Q and (f) L17Q fibrils with 2% 

uranyl acetate. 

In each case, 2.5 mM peptide was incubated in 20% acetonitrile / water with 0.1% TFA for 1 month at 

room temperature prior to imaging.  

 

 
The isotope-edited Infrared (IE-IR) analyses of these assemblies across the amide I 

region using [1-13C] F19–labeled peptides are shown in Figure 6-2. E22Q and L17Q 

fibrils display clear 12C/13C band splitting and an apparent shoulder at 1676 cm-1, a 

feature characteristic of parallel β-sheets (Chapter 2). The A21Q, F20Q, F19Q and V18Q 

fibrils show significantly broader bands between 1700 cm-1 to 1660 cm-1, and a shoulder 

a: E22Q b: A21Q 

c: F20Q 

f: L17Q 

d: F19Q 

e: V18Q 



that suggests parallel peptide arrangements, but the contributions of assembled 

heterogeneity within fibrils (Liang et al., 2008; Mehta et al., 2008) could not be readily 

determined. 
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13Figure 6-2. Stacked isotope-edited IR spectra amide I bands of carbonyl C labeled fibrils at acidic 

pH. 

Five samples: E22Q, A21Q, F20Q, V18Q and L17Q were [1-13C] F19-labeled, while to compare the high 

frequency shoulder peak, F19Q was [1-13C] L17-labeled. In the figure, the main amide I bands were 

specified and the sample name was presented at the right side of each line. 

In each case, the matured fibrils in 20% acetonitrile / water with 0.1% TFA were pelleted, frozen and 

lyophilized to yield white powder, which was mixed and pressed with KBr for IR analysis. 

 

 
Since both E22 and L17 are tolerant of Q substitution, the di-glutamine analog, 

L17QE22Q (N-acetyl-Aβ(16-22)L17QE22Q), was prepared. Interestingly, in this case 

the glutamines could be cross-strand paired across adjacent peptide in both antiparallel 

out of register and parallel in register β-sheet orientations as shown in Figure 6-3.  
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Figure 6-3. Structure model of L17QE22Q with antiparallel out-of registry (model I) and parallel in-

registry (Mode II). 

For both models, the two peptide strands are H-bonded along their backbones and the perspective at the 

bottom is the end view of each sheet. Phe19 and Phe20, which may involve aromatic interaction, were 

color-coded with red; Val18 and Ala21 were coded with green in model I, which might cross-strand pair 

with each other and Gln22 was coded with blue, which may form H-bonds with the adjacent strands. 

 
At acidic pH, L17QE22Q self-assembled into rod-shape fibrils, 10 nm in width 

(Figure 6-4a, b). With its amide I major band at 1628 cm-1 and a high wavenumber band 

at 1678 cm-1  (Figure 6-4c), the assembly is likely to contain parallel β-sheets, same as 

E22Q assemblies, while the sharp band at 1653 cm-1 may derive from the random coil 

conformation. The solid state NMR experiments to confirm the peptide organization 

within sheets have not been completed at this point. 
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Figure 6-4. TEM/AFM images and FTIR amide I bands of L17QE22Q fibrils assembled at acidic pH.  

(a) TEM image of negatively stained L17QE22Q fibrils and (b) the corresponding AFM image. The 

peptide was incubated in 20% acetonitrile / water with 0.1% TFA for 3 weeks to allow maturation. 

(c) FT-IR amide I band of natural-riched L17QE22Q fibrils with the main bands presented. The preformed 

fibrils were pelleted with centrifugation and frozen, lyophilized to yield white powder for IR analysis. 

 

The focus on position 22 

The sensitivity of position 22 to substitution is nicely shown in Figure 6-5. E22A 

assembled as sheets, but with the same antiparallel peptide arrangement as Aβ(16-22). 

E22Q assembled as fibrils with parallel -sheets, at least as evidenced by the different 

FT-IR amide I band spectra (chapter 2) even if assembled under slightly different 

conditions (Figure 6-5).  
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Figure 6-5. FTIR amide I spectra of the indicated N-acetyl-Aβ(16-22) analogs assembled under acidic 

conditions (Lu, 2005). 

The peptides were assembled under acidic conditions in 40% acetonitrile / water for (N-acetyl-Aβ(16-22) 

and E22A, and in water for E22Q prior to analysis. 

 
These rod-shape fibrils with diameters of 11±1 nm are formed from E22Q peptide 

independent of pH (Figure 6-6d-f), and are flat and smooth with a unique weaven-like 

pattern (Figure 6-6d insertion), quite distinct from the twisted fibrils formed by N-acetyl-

Aβ(16-22) (Figure 6-6c). Nevertheless, E22Q fibrils show X-ray diffraction characteristic 

of the cross-β pattern, Figure 6-8b, with hydrogen-bonding d-spacing of 4.7 Å, and a 

lamination d-spacing of 10.1 Å, slightly longer than 9.8 Å of the N-acetyl-Aβ(16-22) 

tubes (Figure 6-7a), indicating that glutamine does not strength the sheet-sheet interaction. 

1677
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Aβ(16-22)   Tubes 

Aβ(16-22)E22Q   Fibrils 



 180

 

Figure 6-6. Electron micrographs of N-acetyl-Aβ(16-22) and E22Q assemblies at acidic and neutral 

pHs.  

TEM images of negatively stained (a) N-acetyl-Aβ(16-22) nanotubes and (d) E22Q fibrils assembled at 

acidic pH, and (c) N-acetyl-Aβ(16-22) fibrils and (f) E22Q fibrils assembled at neutral pH.  

AFM images of dry (b) N-acetyl-Aβ(16-22) nanotubes and (e) E22Q fibrils assembled under acidic 

conditions.  

In each case, the peptide was incubated in 20% acetonitrile / water with either 0.1%TFA or in 15 mM pH 6 

MES buffer at room temperature for 3 weeks. 

 

Figure 6-7. X-ray diffraction of (a) N-acetyl-Aβ(16-22) tubes and (b) E22Q fibrils at acidic pH.  

The preformed tubes and fibrils were bundled with sulfate with ratio of peptide to sulfate 1 to 10, followed 

by pelleting, freezing and lyophilization to yield white powder for x-ray analysis. 

 

CD and FTIR analysis were also typical to characterize the peptide secondary 

structure within assemblies. As shown in Figure 6-8, N-acetyl-Aβ(16-22) tubes and E22Q 
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fibrils have the same amide I bands at 1629 ± 1 cm-1, as well as negative ellipticity at 

around 215 nm with the very intense and weak intensity, respectively. The one significant 

difference was the high wavenumber shoulder band at 1678 cm-1 in E22Q fibrils, 

indicating of parallel β-sheets (Chapter 2), as opposed to the 1693 cm-1 shoulder for the 

tubes, previously assigned to antiparallel β-sheets (Figure 6-8b) (Mehta et al., 2008). 

 
Figure 6-8. CD and FTIR analyses of N-acetyl-Aβ(16-22) tubes and E22Q fibrils at acidic pH.  

(a) CD spectra of N-acetyl-Aβ(16-22) tubes (black curve) and E22Q fibrils (red curve, with the enlarged 

figure inserted) under acidic conditions. The matured fibrils were loaded in 0.1 mm path length quartz 

curvette and scanned three times between 260 nm to 190 nm. 

(b) Stacked FTIR amide I bands of N-acetyl-Aβ(16-22) tubes and E22Q fibrils sampled from assemblies 

prepared under acidic conditions. The major bands were specified, with the sample name presented at the 

right side of each line. 

 

To confirm this assignment and to evaluate the peptide registry, the amide I band 

splitting magnitudes were obtained from isotope-edited IR and compared with three 

known references (Figure 6-9): N-acetyl-Aβ(16-22) tubes containing antiparallel one-

residue out-of register sheets, N-acetyl-Aβ(16-22) fibrils with antiparallel in-register 

sheets, and N-isobutyl-Aβ(16-22) fibrils with parallel in-registry sheets. The spectra for 

[1-13C] L17-, [1-13C] F19- and [1-13C] F20-labeled E22Q fibrils are shown in Figure 6-9a, 
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and the band splitting magnitudes of 27 cm-1, 36 cm-1 and 37 cm-1, respectively are 

plotted in Figure 6-9b. As seen in Chapters 2-5, these values have proven to be a valuable 

indicator of the peptide arrangements within β-sheets and indeed the data for E22Q 

overlaps perfectly with the isotope-labeled N-isobutyl-Aβ(16-22) fibrils, suggesting 

E22Q adopts parallel in-register sheets within the fibrils.  

 
Figure 6-9. Isotope-edited IR spectra of E22Q fibrils and the band splitting magnitude comparison 

with the references.  

(a) Stacked FTIR amide I band of the indicated single [1-13C]-labeled E22Q at residues L17, F19 and F20 

positions.  

(b) The plot of the amide I band splitting magnitude versus the labeled residues in E22Q fibrils (black 

diamond), N-acetyl-Aβ(16-22) antiparallel out-of register sheet of the nanotubes (red circle), N-acetyl-

Aβ(16-22) antiparallel in-register sheets of the fibrils (green square), and N-isobutyl-Aβ(16-22) parallel in-

register sheets of the fibrils (blue triangle).  

 

Analysis of the specific E22Q contribution to peptide self-assembly 

Among all the tested N-acetyl-Aβ(16-22) 22 position subst tions, only glutamine 

and asparagine (Lu, 2005) now appear to switch the assembly to parallel peptide -sheets. 

As is consistent with our initial hypothesis, this structural change may arise from H-

bonding cross-strand pairing interactions stabilizing the sheets and accounting for the 

formation of fibrils and explaining the propensity for glutamine / asparagine-rich peptides 
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to self-assemble as fibers (Bousset et al., 2008; Perutz et al., 2002). We proposed that the 

hydrogen-bonding capability of glutamine side-chain could be gradually reduced by 

substitution of amide protons with one or two methyl groups, necessitating preparation of 

E22QNHCH3 and E22QN(CH3)2 (Figure 6-10).  

Ac-KLVFFAQ-NH2

O N

H

H

Ac-KLVFFAQ-NH2

O N

CH3

H

Ac-KLVFFAQ-NH2

O N

CH3

CH3

E22Q E22QNHCH3 E22QN(CH3)2

 
Figure 6-10. Three peptides with chemical structure of glutamine analogs specified. 

 

E22Q fibrils are flat under both acidic and neutral conditions (Figure 6-11a, d), 

while under the same incubation conditions, E22QNHCH3 formed larger fibrils with 

diameter ranging from 7 nm to 27 nm (Figure 6-11b, e and Table 6-1) and average height 

of 17 ± 1 nm (Figure 6-12). TEM established that E22QNHCH3 fibrils are flat and 

fibril monomer associates to form dimmer, trimer, tetramer and pentamer (Table 6-1). In 

contrast, under both incubation conditions, the E22QN(CH3)2 peptides formed tubes and 

ribbons (Figure 6-11c, f), most similar in appearance to N-acetyl-Aβ(16-22) assemblies at 

acidic pH (Lu et al., 2003).  
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Figure 6-11. TEM images of side-chain substituted-glutamine analogs at acidic and neutral pHs.  

Negatively stained assemblies formed at acidic pH: (a) E22Q fibrils, (b) E22QNHCH3 fibrils and (c) 

E22QN(CH3)2 tubes and sheets, assemblies formed at neutral pH: (d) E22Q fibrils, (e) E22QNHCH3 

fibrils and (f) E22QN(CH3)2 tubes and sheets. The zoom in part is specified with black box. 
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Table 6-1. Estimated fibril width based on the high resolution TEM images. 

 

 
Figure 6-12. AFM image of E22QNHCH3 fibrils. 

The matured fibrils (20 μL) in 20% acetonitrile / water with 0.1% TFA was applied on freshly cleaned 

silica chip, followed by water rinsing to get rid of excess sample. The overnight dried sample in desiccator 

was viewed on AFM. 
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Figure 6-13. Stacked isotope-edited IR spectra of side-chain substituted-glutamine analogs.  

Amide I region of the FT-IR spectra of [1-13C] F19-labeled E22Q, E22QNHCH3, E22QN(CH3)2 peptides 

and the control N-acetyl-Aβ(16-22) tubes assembled under acidic conditions. 

 

The isotope-edited IR spectra obtained with [1-13C] F19-labled peptides assemblies 

again show virtually identical spectra for E22Q and E22QNHCH3 fibrils, with 12C and 

13C bands at 1638 cm-1 and 1602 cm-1, respectively, and a high wavenumber band at 1678 

cm-1, most consistent with parallel β-sheets (Figure 6-13). The 12C and 13C components of 

E22QN(CH3)2 tubes are at 1639 cm-1 and 1597 cm-1, respectively, along with antiparallel 

diagnostic band of 1692 cm-1, indicative of antiparallel one residue out-of register 

assembly seen for the N-acetyl-Aβ(16-22) nanotubes (Mehta et al., 2008). Therefore, N, 

N-dimethyl substitution on 22Q side chain completely removes the impact of the side 

chain on assembly, suggesting the role of glutamine side chain H-bonding for the 

assembly morphology and peptide arrangements.  
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Discussion 

In neurodegenerative diseases, glutamine-rich or asparagine-rich peptide segments 

appear critical for increasing the propensity of self-assembly. Accordingly, tremendous 

effort has focused on understanding the specific role that these side chains may play in 

amyloid assembly. Even though glutamine side-chain H-bonding interactions present the 

obvious energetic contributor (Bevivino and Loll, 2001; Perutz et al., 1994; Perutz et al., 

1993), no solid experimental data have been reported to date, and in the existing 

structural studies, and the orientation of the side chains does not present a consistent 

pattern (Bevivino and Loll, 2001; Perutz et al., 1993).  

In this chapter, we have investigated a mono-glutamine substitution in Aβ-peptide 

and provide experimentally evidence to support that glutamine side chain hydrogen-

bonding interaction drives β-sheet switching from antiparallel one residue out-of registry 

to parallel in-registry. Glutamine scanning experiments have established that this peptide 

arrangement switch is substitution-position and substitution residue number-independent, 

suggesting that this is the general role for glutamine-substitutions. Moreover, at least one 

proton at glutamine side-chain amide (E22Q and E22QNHCH3) is required for this 

peptide orientation and registry alteration, regardless of pH, and complete removal of 

glutamine side chain protons totally inhibits parallel β-sheet formation. Glutamine and 

asparagine have the strong potential to form H-bond with each other due to the H-bond 

donor and acceptor on their side chain amide, and the parallel in-register β-sheet is 

optimal for glutamine to form intra-sheet cross-strand H-bonds along a sheet with the 

peptide repeating distance of 4.7 Å, consistent with parallel β-sheets formed from several 

short glutamine/asparagine-contained peptides (Table 6-2) (Lu, 2005; Sawaya et al., 
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2007). While due to the distribution of glutamine residue at one face of a sheet and the 

presence of lysine charge at N-terminus, cross-sheet H-bonding interaction between 

glutamines is impossible because this organization will place the positively-charged 

lysine residue together, which is energetically unfavorable. This suggests that glutamine 

residues mainly contribute to the intra-sheet interaction, consistent with fibril formation 

with limited laminates.  

Table 6-2. The peptides with parallel peptide arrangements within β-sheets characterized by X-ray 

(Sawaya et al., 2007) or isotope-edited IR (Dong, 2006; Lu, 2005). Glutamine and asparagine are 

highlighted with red color.  

source Peptide segment 
Sup35 GNNQQNY(Sawaya et al., 2007) 
Sup35 NNQQNY(Sawaya et al., 2007) 
Tau VQIVYK(Sawaya et al., 2007) (Plumley and Dannenberg, 2010) 
Sup35 NNQQ(Sawaya et al., 2007) 
Prion protein SNQNNF(Sawaya et al., 2007) 
Amyloid β KLVFFAN (Lu, 2005) 
Amyloid β HAQKLVFFA  (Dong, 2006) 

 

In addition, the glutamine side-chain hydrogen-bonding interaction along sheets 

may also account for the formation of flat fibrils. In current study and previous studies, 

we found that some glutamine and asparagine-contained peptides form flat fibrils, instead 

of typical twisted fibrils such as Aβ(16-22) (Mehta et al., 2008) and Aβ(10-35) 

(Benzinger et al., 2000; Burkoth et al., 2000) fibrils. According to the twisted fibril model, 

the single sheet is twisted due to the chirality of the amino acids (Burkoth et al., 2000; 

Mehta et al., 2008). Incorporation of proline in peptide strands has even been found to 

induce the formation of non-twisting sheets by influencing the twisting capability of 

single β-sheet (Lamm et al., 2005). Moreover, the molecular orbital studies suggest that 

glutamine side chain H-bonds along sheets is short and cooperative, which could force 
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the peptide backbone to be relatively flat (Figure 6-14) (Plumley and Dannenberg, 2010). 

Therefore, we conclude that the cross-strand glutamine side chain H-bonding interaction 

results in the less twisting sheet, which stacks to form the relatively flat fibrils. While 

E22QNHCH3, substitution of one glutamine side chain amide proton with methyl group, 

has the compromised side chain H-bonding capability, hydrophobicity and steric 

hindrance. The balance of these interactions may decrease the packing density within 

sheets and between sheets, but the exposure of the side chain -NHCH3 at the fibril 

surface may increase the chance for single fibril to associate to form fibril dimmer, trimer, 

tetramer or higher degree of aggregates.  

 

Figure 6-14.  Parallel β-sheets of four (acetyl-VQIVYK-NHCH3) strands. 

(a) Glutamine side chain amides form H-bonds along sheet; (b) the side view of this β-sheet and glutamine 

side chain amides are aligned well to lock the peptide N-terminal peptide backbone conformation. In both 

figures, the glutamine amide, peptide backbone and the rest residue side chain are shown with balls and 

sticks, tubes and wireframes, respectively (Plumley and Dannenberg, 2010). Copyright permission has been 

requested. 

 

Since the stacking of these parallel in-registry β-sheets within fibril is uncertain, the 

different sheet-sheet stacking modes (parallel/antiparallel, in-registry or out-of registry) 

are possible. However, considering the distortion of individual β-sheet by glutamine side 

chain H-bonds, hydrophobic packing of the Phe dyads is required, due to its capability to 

a
b 



compensate the energetic penalty from β-sheets distortion. In addition, the specific gold 

binding on E22Q fibril surface (data not shown) indicates the exposure of lysine in 

aqueous phase. Therefore, six models have been proposed (Figure 6-15).  

To clearly illustrate these models, the residues at one face of the sheet are 

highlighted with red color and another one with black color. In Model I, the same face of 

the sheets stacks to form two different interfaces (black/black and red/red), while 

orientation of the sheets could be antiparallel (Figure 6-15 Model Ia) or parallel (Figure 

6-15 Model Ib). Clearly, the antiparallel sheet orientation in Model Ia is favorable 

because this sheet arrangement not only separates the lysine charge, but also let 

glutamine and lysine be close to form cross-sheet H-bonds, which may stabilize the 

parallel β-sheets. However, parallel sheet orientation in Model Ib forces lysines to be 

close to destabilize the sheet-sheet interaction. In Model II and III, the different face of 

sheets stacks to form uniform interface (black/red). In Model II, the sheets stack with 

antiparallel orientation, which separates lysine charge with either in-registry or out-of 

registry sheet-sheet stacking. In Model III, the parallel in-registry sheet orientation places 

all lysine residues at one side (Model IIIe), which may destabilize the assembly by charge 

repulsion; while the parallel out-of sheet stacking relieves this repulsion in some extent, 

but this organization loses the Phe-Phe aromatic interaction in the top sheet-sheet 

interface, which may destabilize the sheet stacking. Overall, there are three possible 

models (Model Ia, Model IIc, IId) left. According to the relative different distance 

between lysine and glutamine, these three models could be further differentiated by 

changing the length of lysine side chain (chapter 2). If the cross-sheet H-bonding 

interaction is critical for this parallel β-sheet fibril formation (chapter 2), shortening the 
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lysine side chain may have significant impact on Model Ia, but have little or no impact on 

Model II. To precisely define the sheet-stacking orientation, solid-state NMR 

experiments are necessary and ongoing. The following two isotope-labeling schemes 

have been proposed: 1) the information from the [15N] Ala21 to [5-13C] Leu17 could 

differentiate Model Ia, IIa from IIb, 2) the one from [3-13C] Ala21 to [6-15N] Gln22 could 

differentiate Model Ia and IIa.  

According to the parallel β-sheet fibrils derived from short peptides, such as N-X-

Aβ(16-22) (X = propyl to palmityl) (chapter 2) or the crystal structure of short glutamine-

containing peptide fibril/crystals (Sawaya et al., 2007), we predict that the Model Ia is 

most reasonable for E22Q fibrils, because: 1) antiparallel sheet-sheet stacking in Model 

Ia could separate lysines to minimize the charge repulsion; 2) the hydrophobic residues 

(Red face) could interact with each other to form hydrophobic zipper, which could 

stabilize the laminates (Sawaya et al., 2007); 3) the proximity of the hydrophilic 

interfaces (black face) could lead to the hydrogen-bonding interaction across-sheets 

between C-glutamine and N-lysine, which could not only stabilize the sheet-sheet 

interaction, but also reduce the charge repulsion between lysines (Chapter 2).  
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Figure 6-15. Six possible parallel β-sheet stacking models for E22Q fibrils.  

Model I with same sheet face interaction: (a) antiparallel sheets stacking; (b) parallel sheets stacking; 

Model II with antiparallel different sheet face stacking: (c) in-register sheets stacking; (d) out-of register 

sheets stacking. 

Model III with parallel different sheet face stacking: (e) in-register sheets stacking; (f) out-of register sheets 

stacking. 

To clarify sheet faces, the residues at one face are highlighted with red color and another one is black color. 

In all the models, the center peptide strand orientation keeps same. 

 

The elucidation of the orientation of the glutamine side chains in amyloid reveals a 

specific energetic constraint for assemblies in neurodegenerative diseases, for a constraint 

that can now be used in the design of protein self-assemblies. This cross-strand pairing 

 

Model II

 

K 

L 

V 

F 

F

A

Q

Q 

A 

F 

F 

V

L

K

Q 

A 

F 

F 

V

L

K

K

L

V

F

F

A

Q 

Q

A

F

F

V 

L 

K 

Q

A

F

F

V 

L 

K 

c d 

Model III

K 

L 

V 

F

F

A

Q

K 

L 

V 

F 

F

A

Q

K 

L 

V 

F

F

A

Q

K

L

V

F

F

A

Q 

K

L

V

F

F 

A 

Q 

K

L

V

F

F 

A 

Q 

e f 



interaction modulates parallel β-sheet formation, and may now be used in the rational 

design of new nanomaterials.  

 

Materials and Methods  

Synthesis of glutamine and glutamate analogs 

Amidation of Glutamate side chain carboxylic acid: N-Fmoc-Glutamic acid t-

Butyl ester (Anaspec, Inc.) (1equiv.) was dissolved in dry CH2Cl2 (treated with freshly 

microwave-dried molecular sieve overnight) and N,N-diisopropylethylamine (DIPEA, 

2.6 equiv.), 2-(1H-Benzotriazol-1-yl)-1,1,3,3-TetramethylUronium hexafluorophosphate 

(HBTU, 1equiv.), and methylamine hydrochloride or dimethylamine hydrochloride (1.1 

equiv.) were added sequentially. The reaction mixture was stirred under ambient 

temperature for 2 hr and monitored by thin layer chromatography (TLC) (hexane : ethyl 

acetate 1 : 1 (v/v), Rf = 0.25 and 0.3 for monomethyl and dimethyl substituents, 

respectively). After the reaction completed (starting material no longer observed on TLC 

plate), the reaction mixture was concentrated in vacuo and the residue purified with flash 

chromatography (hexane : ethylacetate 1 : 1 (v/v)) to give the amidation products as 

colorless oils.  

Hydrolysis of t-Butyl esters: The above amidation product (0.3 mmol, 1 equiv.) was 

dissolved in dichloromethane (9.6 mmol, 32 equiv.). Then TFA (0.3 mL, 3.9 mmol, 13 

equiv.) and triethylsilane (0.12mL, 0.75 mmol, 2.5 equiv.) were added to the solution. 

The reaction mixture was stirred until the starting material was completely consumed (~1 

hr) as monitored by TLC (ethyl acetate, Rf = 0.25), the solvent was removed in vacuo. 

The resulting residue was triturated with cold ether and the white precipitate was 
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collected by centrifugation (16,100 xg) for 5 min and the pellet was air-dried in hood, 

followed by placing on the lyophilizer overnight for the peptide solid-phase synthesis 

without further purification. 

 

Fmoc-Gln(NHMe)-OtBu 

O
H
N

OtBu

O

O NHMe

O

 
 
1H NMR (400 MHz, CDCl3) δ 7.74 (d, J=7.6 Hz, 2H), 7.58 (dd, J=6.8, 4.8 Hz, 2H), 7.37 

(t, J= 7.6, 7.2 Hz, 2H), 7.29 (ddd, J= 7.2, 1.6 Hz, 2H), 6.14 (s, 1H), 5.72 (d, J=6.0 Hz, 

1H), 4.36 (dd, J= 7.2, 2.4 Hz, 2H), 4.19 (dd, J=7.2, 6.8 Hz, 2H), 2.77 (d, J= 4.4 Hz, 3H), 

2.44 (m, 2H), 2.21 (m, 3H), 1.91 (m, 1H), 1.44 (s, 9H). MS (ESI) m/z 439.6 (M+H)
+
 

 

Fmoc-Gln(NHMe)-OH 

O
H
N

OH

O

O NHMe

O

 

1H NMR (400 MHz, CDCl3) δ 7.77 (d, J=7.2 Hz, 2H), 7.60 (t, J= 7.2, 6.4 Hz, 2H), 7.41 

(t, J= 7.6 Hz, 2H), 7.33 (dd, J= 7.6, 7.2 Hz, 2H), 6.16 (m, 1H), 6.05 (d, J= 6.0 Hz, 1H), 

4.38 (m, 3H), 4.23 (t, J= 6.8 Hz, 1H), 2.87 (d, J= 4.4 Hz, 3H), 2.60-2.40 (m, 3H), 2.20 (m, 

1H), 2.06 (s, 1H, OH). MS (ESI) m/z 383.5 (M+H)
+
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Fmoc-Gln(NMe2)-OtBu 

O
H
N

OtBu

O

O NMe2

O

 
 
1H NMR (400 MHz, CDCl3) δ 7.74 (d, J=7.6 Hz, 2H), 7.59 (dd, J= 8.0, 7.6 Hz, 2H), 7.37 

(dd, J= 7.6, 7.2 Hz, 2H), 7.28 (dd, J= 7.6, 7.6 Hz, 2H), 5.84 (d, J=8.0 Hz, 1H), 4.34 (m, 

2H), 4.21 (m, 2H), 2.94 (s, 3H), 2.92 (s, 3H), 2.50-2.28 (m, 2H), 2.18 (m, 1H), 2.02 (m, 

1H), 1.45 (s, 9H). MS (ESI) m/z 452.6 (M+H)
+
 

 

Fmoc-Gln(NMe2)-OH 

O
H
N

OH

O

O NMe2

O

 

1H NMR (400 MHz, CDCl3) δ 9.20 (brs, 1H, OH), 7.77 (d, J=7.2 Hz, 2H), 7.60 (dd, J= 

7.2, 6.4 Hz, 2H), 7.41 (t, J= 7.6 Hz, 2H), 7.32 (dd, J= 8.0, 7.2 Hz, 2H), 6.16 (d, J= 6.0 Hz, 

1H), 4.38 (m, 2H), 4.27 (m, 1H), 4.22 (dd, J= 7.6, 5.6 Hz, 1H), 3.04 (s, 3H), 3.00 (s, 3H), 

2.88 (m, 1H), 2.54 (ddd, J= 16.4, 6.0 Hz, 1H), 2.29 (m, 1H), 2.04 (m, 1H). MS (ESI) m/z 

397.6 (M+H)
+
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CHAPTER 7 

Probing Aβ(10-35) Fibril Structure by 

Fluorescence Resonance Energy Transfer (FRET) 

 

Introduction 

Previous chapters have focused on the elucidation of peptide terminal alkanes / 

amyloid peptide interaction on amyloid self-assemblies. These interactions are critical to 

amyloid peptide arrangement, sheet-sheet stacking and morphology. Similar 

intramolecular (peptide/peptide) interaction has been observed in protein folding and 

peptide aggregation (Liebman, 2005; Wasmer et al., 2008). In a longer segment of the Aβ 

peptide, Aβ(10-35), which is composed of several amphiphilic peptide segments, the 

intramolecular peptide-repeat interaction may direct amyloid fibril assembly. While there 

is good data constraining the relative arrangement of the peptide strands, at least three 

different models consistent with this data have been proposed for the Aβ(10-35) fibrils, 

including extended β-sheet model (Figure 7-1a) (Benzinger et al., 1998a; Benzinger et al., 

2000; Burkoth et al., 2000), β-helix model (Figure 7-1b) (Lakdawala, 2003), and turn 

model (Figure 7-1c) (Petkova et al., 2002a). 
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Figure 7-1. Three structural models of Aβ(10-35) fibrils.  

(a) Extended β-sheet model with extended parallel in-register monomer conformation. The hydrogen-bond 

distance of 5 Å and sheets stacking distance of 10 Å give the fibril dimension of 60 Å ×80 Å (Benzinger et 

al., 1998a; Benzinger et al., 2000; Burkoth et al., 2000). (b) β-helix model with each monomer forming a 

triangle shape helical conformation (Lakdawala, 2003). (c) Turn model with the peptide forming a turn 

between residues 24 to 29 (Petkova et al., 2002b; Petkova et al., 2006). 

 

To elucidate the possible intramolecular peptide interaction in Aβ(10-35) fibrils, it 

is necessary to determine the peptide strand conformation within fibrils. Unfortunately, 

without further structural constraints, it is hard to resolve peptide conformation with 

conventional structure characterization methods. However, Fluorescence Resonance 

Energy Transfer (FRET) can provide a long-distance molecular ruler and valuable 

structure information by measuring the relative distances between two specific residues 

(Decatur, 2000; Domanov, 2006; GarzonRodriguez et al., 1997; Hogue et al., 2009; 

Kinoshita et al., 2003; Kinoshita et al., 2001; Selvin, 2000).  

Extended β-sheet model 

~60Ǻ 
~82Ǻ 

 
β-Helix Model.  
 

 

Top-view 

Side view 

Turn model 

a 
b c 
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In this chapter, we have elucidated the Aβ(10-35) strand conformation within fibrils 

by incorporation of a pair of small fluorophores at four different positions in Aβ(10-35). 

This approach provides additional structural constraints on the peptide strands and indeed 

develops a completely different structure model. We show that both peptide N- and 

C-termini bend to form turns and associate specifically with the peptide central region.  

 

Results 

Selection and placement of FRET pairs 

FRET requires two fluorophores with overlapped fluorescence emission (donor) 

and absorption (acceptor) for energy transfer (Figure 7-2a) (Decatur, 2000; Domanov, 

2006). In principle, when these two fluorophores are placed in the peptide with a specific 

distance, the emission energy of the donor will excite the acceptor, leading to a decrease 

of the donor emission intensity (Figure 7-2b). The difference of the donor emission 

intensity could be used to determine the donor/acceptor distance according to the 

equation in Figure 7-2b (Decatur, 2000; Domanov, 2006). 
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Figure 7-2. Mechanism of Fluorescence resonance energy transfer (Deeb, 2000). 

(a) The donor emission overlaps with acceptor absorption. (b) When donor D and acceptor A are placed at 

distance r, the fluorescence intensity of donor (FD) will decrease to FDA. The value of r can be calculated 

according to the equation, where R0 is the Förster distance, a distance between D and A when the energy 

transfer efficiency is 50%.  

 

To minimize the perturbation of the introduced fluorophores on amyloid 

aggregation, tryptophan (Alston et al., 2008; Callis, 2001; Catherine A. Kraft1, 2009; 

Decatur, 2006) and Nε-Dansyl-L-lysine were selected as the FRET pair. A Förster 

distance of 20 - 30 Å has been frequently utilized in peptide/protein systems where their 

small size and flexible linker have been advantageous (Munoz et al., 2006; Nannepaga et 

al., 2004). Several peptides were designed which contained both fluorophores in the 

Aβ(10-35) peptide. The first residues to place the D/A are at the termini (Figure 7-3), 

which should distinguish the three proposed models as shown in Figure 7-1. 

D A 

Distance r 

r = Ro (FDA /(FD -FDA ))
1/6

  

a b 
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Figure 7-3. Structural cartoon of the Aβ(10-35) peptide containing both donor (tryptophan) and 

acceptor (dansyl).  

 

Further, the FRET pair was placed at four specific positions selected to test 

predictions regarding energy transfer efficiency for each model (Figure 7-4). According 

to the peptide length and peptide strand conformational geometry computer models, the  
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Figure 7-4. Each Scheme compares the predicted distances for a different donor (D) and acceptor (A) 

pair in the three proposed models.  

The D (blue circle) and A (red circle) are placed at the C-terminus and the N-terminus in Scheme I, 

C-terminus and position 16 in Scheme II or position 22 and N-terminus in Scheme III and position 22 and 

C-terminus in Scheme IV, respectively. The distances are estimated from the backbone positions in the MD 

models. 

 

Table 7-1. Estimated relative distances between D and A in different models shown in Figure 7-4. 

Models Extended β-sheet 

model (Å) 

β-helical model 

(Å) 

Turn model 

(Å) 

Scheme I 80 5 26 

Scheme II 60 14 12 

Scheme III 40 30 40 

Scheme IV 40 30 16 

 

relative distance between D and A ranges from 40 Å to 82 Å in extended β-sheet model, 

12 Å to 40 Å in turn model and 5 Å to 30 Å in β-helical model (Table 7-1). 
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Assembly of labeled peptides 

The Nε-Dansyl-L-lysine/tryptophan substituted peptides were prepared completely 

on solid supports using conventional solid-phase Fmoc chemistry with double-coupling 

(2х8 hr) at each synthetic step. After HPLC purification, the peptides were allowed to 

assemble at pH5.6 in 5.0 mM MES buffer containing 20% acetonitrile. The wild-type 

Aβ(10-35) peptide assembled as typical amyloid fibrils with diameters of about 10 nm 

(Figure 7-5a-c) (Benzinger et al., 1998a; Benzinger et al., 2000). Under the same 

incubation conditions, fluorophore-substituted M35W and Y10KdM35W peptides also 

assembled to typical amyloid fibrils (Figure 7-5d, e) with negative ellipticity ranging 

from 212 nm to 215 nm (Figure 7-5f-h), consistent with β-sheet secondary structure. 

However, when M35W and Y10KdM35W fibrils were excited at 295 nm, the maximum 

emission wavelength of tryptophan in both fibrils was at 352 nm and 358 nm, 

respectively (Figure 7-5i), suggesting different local environments of tryptophan in both 

fibrils (Callis, 2001). 

 
500nm 
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Figure 7-5. AFM images, CD secondary structure and fluorescence emission spectroscopy of 

fluorophore-substituted amyloid fibrils.  

AFM images of (a, c) Aβ(10-35) fibrils, (d) M35W fibrils and (e) Y10KdlM35W fibrils. (b) TEM of 

Aβ(10-35) fibrils.  

CD spectra of (f) Aβ(10-35) fibrils, (g) M35W fibrils and (h) Y10KdlM35W fibrils. Fluorescence emission 

spectra of (i) M34W (black) and Y10KdM35W (red) where the matured fibrils were excited at 295 nm, and 

the fluorescence emission spectra were collected between 310 nm to 400 nm.  

In all cases, the fibrils were prepared by incubating 0.11 mM peptide at pH5.6 in 5.0 mM MES buffer 

containing 20% acetonitrile at room temperature for 2 weeks. 
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To isolate the tryptophan residues in both M35W and Y10KdM35W fibrils, each 

peptide was co-assembled with wild-type Aβ(10-35) at a molar ratio of 1 to 10. The 

mixed peptide self-assemblies were indistinguishable from Aβ(10-35) amyloid fibrils 

(Figure 7-6a-g), maintaining the same negative ellipticity at 215 nm (Figure 7-6h-k) and 

the same tryptophan maximum emission wavelength of 346 nm (Figure 7-6l). This 

approach ensures the same local environment for tryptophan in both M35W and 

Y10KdM35W fibrils, so that all subsequent fibril samples were prepared by mixing 

fluorophore-substituted peptides with wild-type Aβ(10-35) in a 1 to 10 molar ratio.  

 

 

a b c 

   
d e f 

g 



 208 

 

 

 

 

 

 

 

Figure 7-6. AFM images, CD analyses and fluorescence emission spectroscopy of co-assembled fibrils.  

The AFM images of fibrils formed from (a) Aβ(10-35), (b) Aβ(10-35) / M35W (10 : 1), (c) Aβ(10-35) / 

Y10KdM35W (10 : 1), (d) Aβ(10-35) / E22W (10 : 1), (e) Aβ(10-35) / E22WM35Kd (10 : 1), (f) Aβ(10-35) 

/ Y10KdE22W (10 : 1)  and (g) Aβ(10-35) / K16KdM35W (10 : 1).  

CD spectra of (h) Aβ(10-35) fibrils, (i) Aβ(10-35) / M35W (10 : 1), (j) Aβ(10-35) / Y10KdM35W (10 : 1) 

and (k) Aβ(10-35) / E22W (10 : 1), Aβ(10-35) / E22WM35Kd (10 : 1) and Aβ(10-35) / E22WY10Kd (10 : 

1).  

(l) The fluorescence emission spectra of Aβ(10-35) / M35W (10 : 1) fibrils (black) and Aβ(10-35) / 

Y10KdM35W (10 : 1) fibrils (red). The fibrils were excited at 295 nm and the emission spectra were 

collected between 310 nm to 400 nm.  

In each case, the fibrils were prepared by incubation of 0.11 mM total peptide in the presence of 5.0 mM 

pH5.6 MES buffer in 20% acetonitrile/water at room temperature for 2 weeks. 

 

At 0.01 mM under the assembly conditions, Y10KdM35W assembled as particles 

with a tryptophan emission maximal wavelength at 358 nm (Figure 7-7a, b, e), 

significantly red-shifted from the emission at 346 nm when co-assembled as 

homogeneous fibrils with 0.1 mM Aβ(10-35) (Figure 7-7c, d, e). The blue-shift of the  
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Figure 7-7. AFM/TEM images and fluorescence emission spectroscopy of the indicated assemblies.  

AMF images of (a) 0.01 mM Y10KdM35W particles and (c) 0.1 mM Aβ(10-35) + 0.01 mM Y10KdM35W 

fibrils. TEM images of (b) 0.1 mM Y10KdM35W particles and (d) 0.1 mM Aβ(10-35) + 0.01 mM 

Y10KdM35W fibrils.  

(e) Fluorescence emission of tryptophan in particles (Em = 358 nm, black line) and fibrils (Em = 346 nm, 

red line) when exited at Ex = 295 nm. To better compare the maximum emission wavelength, the curves are 

normalized according to the peak intensity.  
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Figure 7-8. Tryptophan fluorescence anisotropy in fibrils and monomers.  

The blue bars represent fibrils and purple one is monomers. In each case, the fibrils were prepared by 

incubation of 0.01 mM fluorophore-substituted peptide with 0.1 mM Aβ(10-35) (1 to 10) at pH5.6 in 5 mM 

MES and 20% acetonitrile / water for 2 weeks. Due to the fast aggregation of peptide in the assembly 

condition, the monomer solution was prepared by dissolving 0.01 mM peptide powder in pure DMSO 

without water dilution. 220 µL of the prepared sample was loaded in fluorescence quartz curvette with 2 

mm path length. The sample was excited with Ex = 295 nm, and the fluorescence anisotropy was collected 

at the maximal emission wavelength (when W is at C-terminus: Em = 346 nm and W at the peptide center: 

Em = 332 nm). The final anisotropy is the average of four individual data collections.  
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maximum emission in fibrils is consistent with a more hydrophobic environment in the 

fibrils (Callis, 2001). 

To further confirm co-assembly, the rotational motion of the chromophores was 

compared via fluorescence anisotropy analysis (Benzinger et al., 1998a; Koo et al., 2008). 

In each case, the anisotropy increased significantly when the peptides self-assembled to 

fibrils (Figure 7-8), supporting that fluorophore-peptides incorporated into fibrils. 

 

Fluorescence resonance energy transfer in co-assembled fibrils 

In the M35W/Aβ(10-35) and E22W/Aβ(10-35) co-assembled fibrils, the tryptophan 

emission intensity was at 0.51 and 1.23, respectively (Figure 7-9). When the A (acceptor) 

was placed at the N-terminus for Y10KdM35W and Y10KdE22W, the tryptophan  

 

Figure 7-9. Fluorescence emission spectra of co-assembled fibrils.  

(a) With the donor at N-terminus: black line (M35W), red line (Y10KdM35W) and green line 

(K16KdM35W), and (b) with the D at the peptide center: black line (E22W), red line (Y10KdE22W) and 

green line (M35KdE22W). All samples were excited at 295 nm. The indicated peptides were co-assembled 

with Aβ(10-35) as fibrils and the cartoon inserts indicate the relative positions of the D / A pairs. 
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fluorescence emission intensity in the fibrils was reduced to 0.34 and 0.5, respectively. 

Moving A to the 16th position (K16KdM35W) further decreased the tryptophan 

fluorescence emission to 0.25, and switching the A position from N- to C-terminus 

(E22WM35Kd) cut this number in half to 0.14. 

To evaluate the contributions of inter- vs intra-molecular energy transfer to the 

overall FRET signal, the total concentration was raised from 0.11 mM to 0.30 mM, but 

this change resulted in very little change in efficiency for any of the assemblies. However, 

increasing the dilution of the probe within the fibril, changing the ratio from 10:1 to 50:1  

 

Figure 7-10. Concentration and the peptide mixing ratio-dependence of FRET.  

The indicated four double-labeled peptide probes were incubated in 20% acetonitrile/water and 5 mM 

pH5.6 MES buffer for 2 weeks with Aβ(10-35) at total peptide concentrations of 0.11 mM (blue column) 

and 0.30 mM (purple column) at a ratio of Aβ(10-35) to probe of 10 : 1. The white column represents 0.30 

mM peptide at a ratio of 50 : 1. The excitation wavelength was 295 nm and the energy transfer efficiency 

was determined according to the equation E=(FD-FDA)/FD. FD and FDA are the tryptophan maximal emission 

intensity in the absence and presence of dansyl. When tryptophan is at C-terminus (M35W, M35WY10Kd 

and M35WK16Kd), the maximal emission wavelength is 346 nm, and when W is at the peptide center 

(E22W, E22WY10Kd and E22WM35Kd), the maximal emission wavelength is at 332 nm.  
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the FRET efficiency was reduced by 10 to 25% depending on the peptide (Figure 7-10). 

Therefore, intermolecular interaction does contribute to overall energy transfer, even 

though the exact percentage has not been defined. 

The contribution of intermolecular energy transfer was further evaluated by 

isolating the D and A in individual peptides. At pH5.6, the mixtures of wild type 

Aβ(10-35) with either probe peptide or with two individual probe peptides assembled 

into fibrils indistinguishable from Aβ(10-35) (Figure 7-11a-c). In the absence of the  

Figure 7-11. AFM images and fluorescence emission spectra of co-assembled fibrils.  

AFM images of the fibrils formed from (a) Aβ(10-35) / E22W (10 : 1), (b) Aβ(10-35) / E22W/M35Kd (10 : 

1 : 1) and (c) Aβ(10-35) / E22WM35KD (10 : 1).  

(d) The fluorescence emission spectra of Aβ(10-35) / E22W (10 : 1) fibrils (black), Aβ(10-35) / 

E22W/M35Kd (10 : 1 : 1) fibrils (green) and Aβ(10-35) / E22WM35KD (10 : 1) fibrils (red). The scale bar 

represents 500 nm.  
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dansyl acceptor A, the tryptophan fluorescence emission intensity was 1.18. The addition 

of the third peptide containing the acceptor decreased the tryptophan fluorescence 

emission to 0.57, and when the D and A were in the same peptide, the tryptophan 

fluorescence emission dropped sharply to almost 0.1 (Figure 7-11d). 

To provide the good comparison, the concentration of Aβ(10-35) was kept at 0.1 

mM and tryptophan and dansyl at 0.01 mM. Therefore, in the final assemblies, peptides 

at total concentration of 0.11 mM (for two-component mixture) or 0.12 mM (for 

three-component mixture) were allowed to co-assemble in 20% acetonitrile / water and 5 

mM pH5.6 MES buffer for 2 weeks. Based on Figure 7-10, slight increases of the total 

peptide concentration while keeping the ratio of wild-type peptide to the probes has little 

or neglect impact on the final fluorescence energy transfer efficiency. 

The signatures above could arise from both intra- and inter-molecular energy 

transfers. To test these contributions between the peptide termini, the fibrils assembled 

from only Y10KdM35W and E22WM35Kd are evaluated in Figure 7-12. The dansyl 

groups in both fibrils show strong emission with equivalent intensity, but the tryptophan 

fluorescence emission intensity of E22WM35Kd is significantly lower than that of 

Y10KdM35W. This result is consistent with an intermolecular distance between Y10 and 

M35 being longer than the distance between E22 and M35.  
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Figure 7-12. The fluorescence emission spectra of Y10KDM35W (black) and E22WM35KD (red) 

fibrils.  

In each case, 0.1 mM peptide was incubated in 20% acetonitrile / water and 5 mM MES buffer for 2 weeks. 

The resulting fibrils were excited at 295 nm to obtain the fluorescence spectra. 

 

The local environment of peptide N- and C-termini was determined by acrylamide 

quenching (Dusa et al., 2006; Garzon-Rodriguez et al., 2000). As shown in Figure 7-13, 

neither Y10W nor M35W fibrils was efficiently quenched even at high acrylamide 

concentrations under conditions where the unassembled peptides were quenched almost 

as efficiently as the free amino acid. Therefore the N- and C-termini appear to be 

significantly shielded from solvent in these assemblies. 
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Figure 7-13. Acrylamide quenching of fibril assemblies.  

The M35W and Y10W fibrils were prepared by incubation individual peptide (0.1 mM) in 20% acetonitrile 

/ water and 5.0 mM pH5.6 MES buffer for 2 weeks. The monomers were prepared by dissolving the same 

amount peptides in 6 M GnHCl. All samples were mixed individually with concentrated acrylamide to 

reach the final indicated concentration and incubated for 30 min before monitoring the tryptophan 

fluorescence via excitation at 295 nm. F0/F was determined at their maximal emission wavelength (M35W 

in fibrils Em = 346 nm, in monomer: Em = 360 nm; Y10W in fibrils: Em = 342 nm, in monomer Em = 358 

nm). The color code of each line: M35W fibrils (light blue), Y10W fibrils (purple), M35W monomer (pink), 

Y10W monomer (yellow), and free tryptophan amino acid (dark blue).  

 

Discussion 

The secondary structural arrangement of the Aβ(10-35) peptide within its amyloid 

fibril has been well described (Benzinger et al., 1998a; Benzinger et al., 2000; Burkoth et 

al., 2000), but the arrangement of the β-sheets in the fibril remains unclear. Three models 

for this arrangement have been published (Benzinger et al., 1998a; Benzinger et al., 2000; 

Benzinger et al., 1998b; Burkoth et al., 2000; Lakdawala, 2003; Petkova et al., 2002b; 

Petkova et al., 2006), and in this study, I have incorporated fluorescence probes at four 
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different positions in Aβ(10-35) to test these models. Not only in the resulting evidence 

inconsistent with the existing models, but is sufficient to allow me to propose a new 

peptide strand conformation for the Aβ(10-35) fibril (Figure 7-14).  

The Aβ(10-35) extended β-sheet model is consistent with the ssNMR data, and 

predicts a similar distance between N-/C- terminus and internal probes (R10-22 ≈ R22-35), 

which is closer than between the two termini (R10-22 ≈ R22-35 < R10-35). In addition, the 

long distance between two termini in this model should not give observable 

intramolecular energy transfer. However, 34% transfer efficiency was detected when D/A 

was at the separate termini. Moreover, it was found that R22-35 was much shorter than 

both of R10-22 and R10-35, indicating there is a turn at the peptide C-terminus, inconsistent 

with extended β-sheet model. 

The β-helix model predicts closer distance between N- and C- termini than between 

terminus and central probes (R10-35 < R10-22 ≈ R22-35). However, the terminal distance 

(R10-35) was determined to be the longest among the four different relative positions. 

Moreover, the distance between terminus and the center residue is not same but R10-22 is 

longer than R22-35.  

The turn model predicts a closer distance between C-terminus and the peptide 

center than between N-terminus and peptide center (R22-35 < R10-22), which should also be 

longer than the distance between peptide two termini (R10-22 > R10-35). In deed, we 

obtained the stronger energy transfer efficiency when probes were at C-terminus and 

peptide center than at N-terminus and the peptide center, consistent with the prediction 
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R22-35 < R10-22. Surprisingly, the distance between N-terminus and peptide center (R10-22) 

is shorter than between peptide two termini (R10-35), inconsistent with the extended 

conformation for the peptide N-terminal part, suggesting a turn at peptide N-terminus. 

Table 7-2. The order of relative distance between residues for each model. 

Structure model The order of distance between residues 

Extended β-sheet model R10-35 > R16-35 > R22-35 ≈ R10-22 

β-helix model R10-22 ≈ R22-35 > R16-35 > R10-35  

Turn model R10-22 > R10-35 > R22-35 > R16-35 

Experimental observation R10-35 > R16-35 > R10-22 > R22-35 

 

Based on the relative distance between two specific residues (R10-35 > R16-35 > R10-22 

> R22-35) obtained from the experiment (Table 7-2), double-turn monomer conformation 

was proposed (Figure 7-14). The turn at C-terminus starts from residue G25 to residue 

G29, consistent with the turn observed in Aβ(1-40) fibrils (Petkova et al., 2002b; Petkova 

et al., 2006), while the turn at the N-terminus is from residue H14 to K16, which requires 

further verification via ssNMR. The turn in this double-turn model is stabilized primarily 

by the side chain hydrophobic interaction with the intramolecular lamination distance of 

10 Å, similar to that proposed in the Aβ(1-40) turn model (Petkova et al., 2002b), and the 

extra N-terminal turn provides additional intramolecular interaction between peptide 

segments such as residue 10YEV and 17LVF (Figure 7-14).  
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Figure 7-14. Proposed Aβ(10-35) strand conformation within fibrils.  

The region from residue K16 to 25 is extended; the N-terminal turn is from H14 to K16 and C-terminal turn 

is from G25 to G29. Light blue bead is Y10, green one is K16, dark blue is E22, red is M35 and blue is the 

rest of amino acids. 

 

Therefore, new peptide strand conformation leads to a new structure model for 

Aβ(10-35) fibrils. The fibril height and width measured from AFM and TEM images 

(Figure 7-5) imply four peptide monomers as the basic unit within fibrils, consistent with 

Aβ(1-40) fibril model (Petkova et al., 2002b). Therefore, stacking of four peptides gives 

six possible models (Models I-VI, Figure 7-15). The group I, including Models I to IV, 

features a similar local environment of N- and C- termini, while group II, including 

Models V and VI, has different terminal environment. The same quenching efficiency of 

Y10W and M35W fibrils by acrylamide indicates that the N- and C-termini are both 

buried, arguing against Models V and VI. In the remaining four models, Model III has 

 
   

 

 

 

 
     

 

   
 

 
 

      



 220 

shorter intermolecular distance between N- and C-terminus than that between E22 and 

M35, inconsistent with the lower intermolecular energy transfer efficiency between Y10 

and M35 than between E22 and M35. While in Model IV, separated N- and C-termini are 

predicted to have no or very weak intermolecular energy transfer, inconsistent with the 

strong energy transfer efficiency observed for Y10KdM35W fibrils in the absence of 

Aβ(10-35). In Model I, peptide C-terminus is kind of buried interior of fibrils, and 

addition of hydrophilic PEG at its C-terminus would disrupt fibril formation, against the 

experimental observation of PEG coated fibril (Burkoth et al., 2000). Therefore, Model II 

is most consistent with these data, maintaining the same environment for the N- and 

C-termini, allowing for intermolecular N and C-terminal energy transfer, as well as fitting 

the fibril dimension and allowing for PEG assembly. Moreover, the model predicts the 

outcome of specific ssNMR experiments including 1) the distance between [1-13C] K16 

and [15N] H13 could be measured to evaluate the N-terminal turn; 2) the residue side 

chain at the N-terminus such as [δ-13C] Q15 and C-terminus  such as [15Nδ] N27 could 

be selectively isotope-labeled to measure the inter-sheet distance (highlighted in Figure 

7-15 black box); and 3) the N-terminal turns of Aβ(10-35) could be covalently linked 

between residue E11 and K16. If this N-terminal turn is required for the assembly, the 

preformed N-turn may accelerate the assembly rate relative to wild-type Aβ(10-35) 

(Sciarretta et al., 2005). 
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Group II 

                                       

 

 

 

 

 

Figure 7-15. Structure models of Aβ(10-35) fibrils.  

The color codes are light blue for Y10, green for K16, dark blue for E22 and red for M35. 
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These experiments have allowed me to develop additional constraints for the 

Aβ(10-35) fibrils, and allowed for the development of a new double-turn model. This 

model conforms intramolecular interaction at both N- and C-terminus, and opened the 

way for this FRET strategy to be applied to other self-assembly systems of even more 

complex structure. 

 

Materials and methods 

Synthesis of fluorophore-labeled peptides 

All the peptides were synthesized on a Rainin Symphony Quartet peptide 

synthesizer with FMOC Rink-amide polystyrene resin (Anaspec, Inc.) through standard 

FMOC chemistry. For dansyl labeled peptide, N-Fmoc-N'-dansyl-L-lysine-OH (Anaspec, 

Inc.) in DMF was added to the reaction vessel manually and allowed to react overnight. 

The crude peptide was purified with reverse phase-HPLC and characterized with 

MALDI-mass. 

 

FRET sample preparation 

The fluorophore-labeled peptide was mixed with wild-type peptide Aβ(10-35). To 

make sure the peptides randomly mixing together, each peptide powder has been treated 

with hexafluoroisopropanol (HFIP) (10 mg/ml) for 30 min on ice (Srinivasan et al., 2003; 

Wood et al., 1996), then three aliquots of peptide HFIP solution were taken to distribute 

into three eppendorf tubes: one for the mixing, one as a control and the third one for the 
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concentration detection with UV. The mixed peptide HFIP solution was incubated for 

additional 20 min, followed by evaporation of HFIP to yield peptide film, which was 

dried further on lyophilizer overnight. For the mixing sample, their HFIP solution was 

mixed and incubated for the extra 20 min before evaporation of HFIP. The dried peptide 

film was dissolved in 20% acetonitrile / water and the pH was adjusted with 5.0 mM 

pH5.6 MES buffer and incubated at room temperature for 2 weeks before imaging and 

fluorescence study.  

 

FRET measurement 

Fibril sample (220 µL) was loaded into a 2 mm-path-length quartz curvette and the 

fluorescence spectra were collected between 310 nm to 550 nm with the excitation 

wavelength of 295 nm. The Aβ(10-35) fibrils without any fluorophore was scanned as 

background and each fluorescence spectrum was obtained by the background subtraction. 

The fluorescence intensity was normalized according to the peptide concentration. The 

FRET efficiency E was calculated according to the following equation (1): 

 
F DA

E = 1 -
FDA

 

where FDA and FD are the fluorescence intensity of fibril samples in the presence of 

donor/acceptor and donor only, respectively. The average distance between donor and 

acceptor could be determined according to the Föster equation (2): 
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E =
R0

6

r6
R0

6 +  

where R0 is the Föster distance for a specific FRET pair when FRET efficiency is 50%. 

Föster distance can be defined by using the equation 3: 

Ro = [8.8x1023κ2n-4QdJ]1/6 (Angstrom) 

where Q0 is the fluorescence quantum yield of the donor in the absence of the acceptor,  

κ2 is the dipole orientation factor, n is the refractive index of the medium.  

 

Figure 7-16. Illustration of the relationship between D/A dipole direction and the dipole orientation 

factor κ.  

Black line represents peptide strand; solid arrow points donor dipole and dashed arrow points toward 

acceptor dipole.  
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Usually, the Föster distance used is based on the freely rotated fluorophores with κ2 

assumed to be 2/3 (Dale et al., 1979; Wu and Brand, 1992). For our system, when the 

fluorophore labeled peptides were incorporated into fibrils, the freedom was largely 

restricted. The fluorescence anisotropy of fibrils was much higher than that of monomers. 

However, the actuarial κ2 is difficult to be determined experimentally, so in this study the 

Förster distance between tryptophan and dansyl was ranging from 21 Å to 31 Å when we 

took the extreme value for κ2 from 2/3 to 4.  

 

Fluorescence anisotropy 

The mature fibrils were prepared by incubation of 0.01 mM fluorophore-substituted 

peptide with 0.1 mM Aβ(10-35) in 20% acetonitrile / water for 2 weeks; while the 

monomer solution was prepared by dissolving 0.01 mM peptide powder in pure Dimethyl 

sulfoxide (DMSO) without water dilution, due to the fast aggregation of peptide in the 

assembly condition. 220 µL sample was loaded into a 2 mm-path-length quartz curvette 

and scanned with Ex = 295 nm and collected at their maximal emission wavelength based 

on the fluorescence spectra of each sample. Each sample was scanned ten times to give 

the averaged value. Four sets of the same experiments were done to test the 

reproducibility.  

 

Fluorescence quenching 

The M35W and Y10W fibrils were prepared by incubation individual peptide (0.1 
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mM) in 20% acetonitrile / water and 5.0 mM pH5.6 MES buffer for 2 weeks. The 

monomers were prepared by dissolving the same amount peptides in 6.0 M GnHCl. 

Seven aliquots (0.25 mL each) of each sample were mixed individually with acrylamide 

stock solution to reach the final indicated acrylamide concentration, and the final peptide 

concentration was same by adjusting with fresh buffer. The mixed samples were 

incubated for extra 30 min before monitoring tryptophan fluorescence in the range of 310 

nm to 400 nm via excitation at 295 nm. 
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CHAPTER 8 

Conclusion and Outlook 

 

The amyloid aggregates have been implicated in Alzheimer’s Disease (AD) as their 

neurotoxicity inducing cell death through either forming transmembrane channel or 

disrupting cell-membrane integrity and fluidity. The importance of this lipid bilayer 

context has been evaluated (Ashley et al., 2006; Bystrom et al., 2008; Kremer et al., 2001; 

Lemkul and Bevan, 2009; Matsuzaki, 2007; Wong et al., 2009; Yip et al., 2001), where 

evidence for peptide association with lipid head-groups (Ikeda and Matsuzaki, 2008; 

Wong et al., 2009) and lipid alkyls (Ashley et al., 2006; Kremer et al., 2001) has been 

identified and implicated in disease (Van Broeck et al., 2007), but no clear structural 

models have emerged. Even though amyloid is the misfolded state of peptide occurring in 

nature, it provides a source to construct novel biomaterials through the self-assembly of 

small peptides. Therefore, during the past decade it has been a big challenge in 

pathological and nano-technology fields to define amyloid structures and elucidate the 

factors that govern the self-assembled morphology and the peptide arrangements. 

Recently, significant progress including defining peptide organization (parallel or 

antiparallel) within fibrils by ssNMR characterization, modulating assembled 

morphologies (fibrils vs nanotubes) through metal chelating (Dong et al., 2006) and  
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nuclear base H-bonding interaction between the adjacent β-sheets (Liu et al., 2008), has 

been made. But, the role of peptide termini interaction (one of the amyloid growth plane) 

remains poorly understood.  

Inspired by the studies of peptide-amphiphiles (Bull et al., 2005; Deng et al., 2009; 

Gordon et al., 2004; Hartgerink et al., 2001; Hartgerink et al., 2002; Meijer et al., 2007), 

we envisioned that covalent linkage of Aβ-peptides with lipid alkanes of variable 

length/bulkiness would allow direct interrogation of peptide-lipid hydrophobic interaction, 

as well as the systematical investigation of peptide terminal interaction in amyloid 

assembly. Therefore, in this dissertation, a series of alkyl chains with different length and 

degree of branching have been introduced at Aβ(16-22) termini as the probes, and 

significant findings have been obtained regarding novel Aβ-peptide-amphiphile 

architectures, amyloid assembly driving forces (cross-sheet electrostatic interaction and 

cross-strand glutamine side chain H-bonding interaction), the peptide bilayer interaction, 

as well as unexpected Aβ(10-35) strand double-turn conformation within fibril.  

This study presents a discovery of novel Aβ-peptide-amphiphile architectures, 

which arise from direct interaction between Aβ-peptide and covalently linked alkanes 

through the bending of terminal alkanes to fit in β-sheet laminates. This is different from 

conventional peptide-amphiphile cylindrical fibrils that bury the alkane chain in assembly 

interiors with peptide segments splaying along their outer surface. Aβ-peptide-

amphiphiles are able to assemble to a wide range of morphologies including nanotubes, 

sheets and fibrils, different from the uniform cylindrical fibrils observed with 

conventional peptide-amphiphile assemblies (Hartgerink et al., 2002). The β-sheet 

registry within these different morphologies ranges from antiparallel out-of registry, 
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antiparallel in-registry to parallel in-registry, dramatically distinct from the only parallel 

in-register β-sheets in conventional peptide-amphiphile cylindrical fibrils (Hartgerink et 

al., 2001; Hartgerink et al., 2002). Most interestingly, the terminal alkanes in these novel 

architectures gradually transit from extending to bending between the antiparallel or 

parallel β-sheet laminates, widening the lamination distances significantly, but do not 

really compromise the robust cross-β structure; while in conventional peptide-

amphiphiles, the alkanes are always extending to point the interior of cylindrical fibrils. 

These significant differences may derive from the higher assembly propensity and the 

inherent property of Aβ-peptides. For example, Aβ(16-22) itself could assemble to 

nanotubes and fibrils at acidic and neutral pH, respectively. The hydrophobic peptide 

residues are able to create a hydrophobic laminates to accommodate terminal alkane 

carbon chains. Last but not the least is that the rectangle shape of Aβ peptide is more 

favorable to form regular β-sheets, different from the cone-shape peptide-amphiphile in 

cylindrical fibrils.  

The systematic studies have established that these wide ranges of assembled 

morphologies with variable peptide arrangements are derived from different driving 

forces, instead of the energetically hydrophobic collapse of the alkane occurring in 

conventional peptide-amphiphile assemblies (Hartgerink et al., 2001; Hartgerink et al., 

2002). The antiparallel out-of register β-sheet nanotubes and sheets at acidic pH are 

driven by the cross-strand pairing interaction between Val18 and Ala21 when the 

electrostatic attraction is reduced by either protonation of Glu22 at acidic pH, substitution 

of the Glu22 with leucine or shortening of the lysine side chain (Liang et al., 2008; Mehta 

et al., 2008). When Glu22 is deprotonated at neutral pH, Val18 / Ala21 cross-strand 
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pairing interaction is overwhelmed by the electrostatic interaction between Lys16 and 

Glu22, resulting in the antiparallel in-register β-sheet fibril formation (Mehta et al., 2008). 

The terminal alkane hydrophobic interaction and cross-sheet Lys16/Glu22 electrostatic 

interaction work together to direct parallel in-register β-sheet fibril formation in the case 

that the N-alkanes are elongated from N-acetyl to N-propyl or longer alkanes. The cross-

sheet electrostatic interaction is a novel driving force, complementary to the existed 

library and changing the length of charged residues is able to be applied to modulate the 

self-assembly structure and morphology. When alkane substitution is at C-terminus, the 

hydrophobic interaction between C-alkane and N-acetyl overwhelms Vla18/Ala21 cross-

strand pairing interaction and cross-sheet electrostatic interaction, directing antiparallel 

in-registry β-sheet fibril formation independent of C-alkane length at neutral pH. The 

similar role of terminal hydrophobic interaction in molecular assembly has been reported 

before (Iqbal et al., 2008), but the underneath mechanism of how short acetyl interacts 

with long C-alkane to direct amyloid assembly remains unclear. 

The C-terminal substitution also presents an effect way to modulate peptide registry 

and the number of nanotube wall-layers. C-terminal amide protons have the strong H-

bonding propensity, while completely eliminating these protons changes the β-sheet 

registry from out-of registry to in-registry and nanotube wall-layers from bilayer to 

monolayer, suggesting that H-bonds number between adjacent peptide strands modulates 

peptide registry and that the cross-leaflets interaction (H-bonding interaction or 

hydrophobic interaction) regulates nanotube layer, which indirectly supports amyloid 

bilayer structure.  
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Amyloid bilayer structure has also been evaluated by changing the bulkiness of N-

alkanes, which also presents an efficient way to manipulate self-assembly 

morphology/architecture. The impact of N-bulky alkanes on assembled 

morphology/architecture is the β-sheet terminal structure dependent. The cavity created 

by out-of registry at acidic pH is able to accommodate all three tested bulky alkanes, 

resulting in the same peptide morphology and peptide arrangement independent of N-

alkanes; while the flat surface of in-registry β-sheet at neutral pH is sensitive to N-

alkanes, and any substitution of acetyl methyl H with methyl groups significantly 

changes the assembled morphology and peptide arrangement, resulting in the pH-

independence of the bulkiest alkane N-tButyl (Liang et al., 2008) . Therefore, the defined 

modulating effects of N-bulky alkyl chains identify the role of peptide terminal 

interaction at the bilayer interface, further supporting amyloid bilayer structure. 

Moreover, in this dissertation, the mechanism of glutamine on amyloid assembly 

has been explored with single, double glutamine-substitutions and glutamine side chain 

amide proton substitutions as the consideration of the significant role of 

glutamine/arsparigine in several neurodegenerative diseases (Davis and VanNostrand, 

1996); (Kvam et al., 2009; Rousseau et al., 2009). We have in the first time provided 

experimental evidence, complementary to the theoretical studies (Perutz, 1999a; Perutz, 

1999b; Perutz et al., 1994)  to support the role of glutamine side-chain cross-strand H-

bonding interaction on parallel β-sheet fibril formation, accounting for the specific 

assembly behavior of glutamine/arsparigine-containing peptides in amyloid-related 

diseases. This simple strategy, glutamine substitution, also provides extra tool to 
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modulate parallel β-sheet formation, and may now be used in the rational design of new 

nanomaterials.  

Finally, a new double-turn model has been proposed for the longer fragment Aβ(10-

35) based on the studies of peptide strand conformation in fibrils with fluorescence 

resonance energy transfer (FRET). This new model confirms intramolecular interaction at 

both N- and C-terminus, and opens the way for this FRET strategy for applications in 

other self-assembly systems of even more complex structure. 

In this research work, several significant discoveries clearly uncover some new 

aspects of amyloid self-assembly mechanism, driving force, assembled architectures, as 

well as Aβ-lipid interaction, complementary to our current knowledge. These novel Aβ-

peptide-amphiphile architectures expand our view for the conventional peptide-

amphiphile assemblies, providing extra regulating factors to diversify the molecular self-

assemblies. Moreover, these findings clearly establish that the length, bulkiness and H-

bonding capability of terminal alkyl chains and glutamine/arsparigine side chain are able 

to tune the amyloid self-assembled morphology, peptide orientation, tube/fibril surface 

properties and the distance between specific residues. The tuning capability could be 

utilized to design distinct materials with properties that range from novel self-assembling 

surfaces, robust compartments, and other components for building supramolecular self-

assemblies. Moreover, the accommodating capability of amyloid β-sheet laminates offers 

a new application as drug carriers. Most importantly, Aβ-lipid interaction is an inherent 

phenomenon, independent of final peptide orientation and registry within β-sheets and the 

lipid alkyl chains at either peptide terminus. This may occur in cells and contribute to the 

toxicity of amyloid oligomers through insertion into lipid bilayer or extracting lipid from 
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cell membranes. The clarification of this mechanism may be useful for the rational design 

of effective therapeutical inhibitors to prevent Aβ-lipid interaction by accelerating 

amyloid assembly or increasing cell membrane rigidity. 

 

 

References 

Ashley, R. H., Harroun, T. A., Hauss, T., Breen, K. C., and Bradshaw, J. P. (2006). 
Autoinsertion of soluble oligomers of Alzheimer's A beta(1-42) peptide into 
cholesterol-containing membranes is accompanied by relocation of the sterol 
towards the bilayer surface. Biochim Biophys Acta: Struct Biol 6 

 
Bull, S. R., Guler, M. O., Bras, R. E., Meade, T. J., and Stupp, S. I. (2005). Self-

assembled peptide amphiphile nanofibers conjugated to MRI contrast agents. Nano 
Lett 5, 1-4. 

 
Bystrom, R., Aisenbrey, C., Borowik, T., Bokvist, M., Lindstrom, F., Sani, M. A., 

Olofsson, A., and Grobner, G. (2008). Disordered Proteins: Biological Membranes 
as Two-Dimensional Aggregation Matrices. Cell Biochem Biophys 52, 175-189. 

 
Davis, J., and VanNostrand, W. E. (1996). Enhanced pathologic properties of Dutch-type 

mutant amyloid beta-protein. Proc Natl Acad Sci USA 93, 2996-3000. 
 
Deng, M. L., Yu, D. F., Hou, Y. B., and Wang, Y. L. (2009). Self-assembly of Peptide-

Amphiphile C-12-A beta(11-17) into Nanofibrils. J Phys Chem B 113, 8539-8544. 
 
Dong, J., Shokes, J. E., Scott, R. A., and Lynn, D. G. (2006). Modulating amyloid self-

assembly and fibril morphology with Zn(II). J Am Chem Soc 128, 3540-3542. 
 
Gordon, D. J., Balbach, J. J., Tycko, R., and Meredith, S. C. (2004). Increasing the 

amphiphilicity of an amyloidogenic peptide changes the beta-sheet structure in the 
fibrils from antiparallel to parallel. Biophys J 86, 428-434. 

 
Hartgerink, J. D., Beniash, E., and Stupp, S. I. (2001). Self-assembly and mineralization 

of peptide-amphiphile nanofibers. Science 294, 1684-1688. 
 
Hartgerink, J. D., Beniash, E., and Stupp, S. I. (2002). Peptide-amphiphile nanofibers: a 

versatile scaffold for the preparation of self-assembling materials. Proc Natl Acad 
Sci USA 99, 5133-5138. 

 

 236



Ikeda, K., and Matsuzaki, K. (2008). Driving force of binding of amyloid beta-protein to 
lipid bilayers. Biochem Bioph Res Co 370, 525-529. 

 
Iqbal, S., Miravet, J. F., and Escuder, B. (2008). Biomimetic self-assembly of 

tetrapeptides into fibrillar networks and organogels. Eur J Org Chem, 4580-4590. 
 
Kremer, J. J., Sklansky, D. J., and Murphy, R. M. (2001). Profile of changes in lipid 

bilayer structure caused by beta-amyloid peptide. Biochemistry 40, 8563-8571. 
 
Kvam, E., Nannenga, B. L., Wang, M. S., Jia, Z., Sierks, M. R., and Messer, A. (2009). 

Conformational targeting of fibrillar polyglutamine proteins in live cells escalates 
aggregation and cytotoxicity. PloS one 4, e5727. 

 
Lemkul, J. A., and Bevan, D. R. (2009). Perturbation of membranes by the amyloid beta-

peptide - a molecular dynamics study. Febs J 276, 3060-3075. 
 
Liang, Y., Pingali, S. V., Jogalekar, A. S., Snyder, J. P., Thiyagarajan, P., and Lynn, D. G. 

(2008). Cross-strand pairing and amyloid assembly. Biochemistry 47, 10018-10026. 
 
Liu, P., Ni, R., Mehta, A. K., Childers, W. S., Lakdawala, A., Pingali, S. V., Thiyagarajan, 

P., and Lynn, D. G. (2008). Nucleobase-directed amyloid nanotube assembly. J Am 
Chem Soc 130, 16867-16869. 

 
Matsuzaki, K. (2007). Physicochemical interactions of amyloid beta-peptide with lipid 

bilayers. Biochim Biophys Acta 1768, 1935-1942. 
 
Mehta, A. K., Lu, K., Childers, W. S., Liang, Y., Dublin, S. N., Dong, J., Snyder, J. P., 

Pingali, S. V., Thiyagarajan, P., and Lynn, D. G. (2008). Facial symmetry in protein 
self-assembly. J Am Chem Soc 130, 9829-9835. 

 
Meijer, J. T., Roeters, M., Viola, V., Lowik, D. W. P. M., Vriend, G., and van Hest, J. C. 

M. (2007). Stabilization of peptide fibrils by hydrophobic interaction. Langmuir 23, 
2058-2063. 

 
Perutz, M. F. (1999a). Glutamine repeats and neurodegenerative diseases. Brain Res Bull 

50, 467. 
 
Perutz, M. F. (1999b). Glutamine repeats and neurodegenerative diseases: molecular 

aspects. Trends Biochem Sci 24, 58-63. 
 
Perutz, M. F., Johnson, T., Suzuki, M., and Finch, J. T. (1994). Glutamine Repeats as 

Polar Zippers - Their Possible Role in Inherited Neurodegenerative Diseases. Proc 
Natl Acad Sci USA 91, 5355-5358. 

 

 237



 238

Rousseau, E., Kojima, R., Hoffner, G., Djian, P., and Bertolotti, A. (2009). Misfolding of 
proteins with a polyglutamine expansion is facilitated by proteasomal chaperones. J 
Biol Chem 284, 1917-1929. 

 
Van Broeck, B., Van Broeckhoven, C., and Kumar-Singh, S. (2007). Current insights into 

molecular mechanisms of Alzheimer disease and their implications for therapeutic 
approaches. Neurodegener Dis 4, 349-365. 

 
Wong, P. T., Schauerte, J. A., Wisser, K. C., Ding, H., Lee, E. L., Steel, D. G., and Gafni, 

A. (2009). Amyloid-beta Membrane Binding and Permeabilization are Distinct 
Processes Influenced Separately by Membrane Charge and Fluidity. J Mol Biol 386, 
81-96. 

 
Yip, C. M., Elton, E. A., Darabie, A. A., Morrison, M. R., and McLaurin, J. (2001). 

Cholesterol, a modulator of membrane-associated A beta-fibrillogenesis and 
neurotoxicity. J Mol Biol 311, 723-734. 

 
 


	Thesis's cover.pdf
	Distribution Agreement 

	Chapter 1
	chapter 2
	chapter 3
	Chapter 4
	Chapter 5
	chapter 6
	Chapter 7
	Chapter 8

