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Abstract 

 Engineering asymmetric peptide membranes 

 

By Sha Li 

 

Peptide self-assembly offers rich opportunities for the controlled synthesis of 

supramolecular architectures with unique structural features and functions. Historically, 

this area has been inspired by the elaborate assemblies of biological systems. Despite 

this precedent, generating asymmetrical structures with optical and electrical functions 

has proven challenging. The nucleating core of the Alzheimer’s disease peptide, Aβ(16-

22) or KLVFFAE, has been heavily studied and characterized to the point where specific 

assembly codes are now emerging. In this dissertation, I expanded the molecular 

recognition codes from Aβ(16-22), a single-component system, to multi-component 

systems that enable us to build asymmetry into self-assembled networks. Strategies to 

engineer the peptide membrane surfaces were systematically investigated and novel 

biophysical methods including utilizing Electrostatic Force Microscopy and solid-state 

NMR to characterize complex co-assemblies were developed to define the unique 

asymmetric charged surfaces and segregated domains of the peptide membranes. 

Furthermore, I demonstrate the potential of these assemblies for donor-acceptor arrays 

transferring energy and electrons across the peptide membranes. Taken together, I 

argue that amyloid peptide membranes present robust and patterned surfaces capable 

of routinely controlling asymmetry and extending the capabilities of biological 

membranes. Developing these systems for light-harvesting and charge separation of 

artificial photosynthesis is now within reach.  
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Chapter 1 Exploiting Biomimetic Strategies to Expand the 

Horizons of Self-assembly  

From Supramolecular Chemistry to System Chemistry 

Molecular self-assembly1 is defined as the spontaneous arrangement of molecules into 

highly-ordered, functional supramolecular architectures from single components of a 

system with defined environmental conditions. The study of supramolecular self-

assembly is crucial to understand many biological processes: individual strands of DNA 

form double helices; lipid bilayers form spontaneously via self assembly; proteins fold 

and assemble into tertiary and quaternary structures. As a consequence, biological 

systems are often the inspiration for supramolecular research in designing functional 

objects. Self-assembly as a strategy for fabricating functional objects has the advantage 

of being flexible and adaptable to change. The past couple of decades have experienced 

great growth in supramolecular self-assembly2-4 with the continuous goal that chemists 

can control non-covalent interactions to craft the size, shape and structure of nanoscale 

objects with the same precision achieved by synthetic organic chemistry. Intermolecular 

non-covalent interactions1,5 such as electrostatic interactions, van der Waals forces6-8, 

hydrophobic effects9,10, pi-pi interactions11-14 and hydrogen bonding15-20 act like the joints 

of Lego pieces to direct the monomeric building blocks to self-assemble into higher order 

supramolecular structures. Through the appropriate design of molecular composition 

and structural features, these interactions can be manipulated for well-defined patterns 

and specific functionalities.  

 

Currently more researchers are looking into complex mixtures of interacting molecules, 

thanks to the rapid growth of modern analytical techniques. Inspired by systems 

biology21, which addresses how the function of a biological system is directed by the 

interactions between various biomolecular components, systems chemistry22 aims to 

control variables in chemical networks simultaneously and answer questions, including 

1) how collections of different molecules self-assemble into complex structures, 2) how 

secondary interactions between molecules and competitions for molecular building 

blocks lead to complex behaviors, and 3) how these give rise to emergent properties---

properties a complex system exhibits that can't be predicted by considering its 

subcomponents in isolation.  

 

https://en.wikipedia.org/wiki/Systems_biology
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Looking ahead, combining supramolecular chemistry and systems chemistry can make 

an impact on a number of areas. Self-assembly of complex chemical systems offers a 

very promising route for making nano- and microscale functional components. Model 

systems that can form feedback loops and have the capability of self-repair may 

contribute to an improved understanding of biological networks as well as ways to 

manipulate them. Systems chemistry of a multicomponent self-assembly system could 

also be an approach for unraveling the origin of life.  

 

Designing Asymmetry in Nonbiological Self-assembly Systems 

When attacking complex problems in the field of self-assembly, biology generously 

offers a variety of strategies. The cell exists as a result of processes that generate 

multicomponent, functional structures by self-assembly. Incorporating these biomimetic 

strategies into systems chemistry expands the horizons of self-assembly beyond static 

systems into dynamic self-assembly. Compared with biological self-assembly, there is a 

vital but still unanswered question in non-biological self-assembly: how can asymmetry 

be achieved in self-assembly systems? Typically the ordered aggregation of identical 

components drives the formation of structurally defined crystals, usually with high 

symmetries. However, to build functional materials, especially electrically or optically 

functional materials, asymmetrical elements must be incorporated in the self-assembly 

design.   

 

When considering self-assembly of biological systems, a good first example is the 

phospholipid membrane. Biological phospholipid membranes consist of a bilayer of lipid 

molecules that are composed of a hydrophilic head and two hydrophobic hydrocarbon 

tails. When introduced into an aqueous environment, these amphiphilic molecules 

aggregate spontaneously into two symmetric mono-molecular layers held together by 

weak non-covalent hydrophobic forces. Then, introducing degrees of asymmetry into 

what is essentially a symmetrical structure provides for functionalities of the membrane 

that are far beyond its use as a cell barrier. For example, cells have thousands of 

different lipids and these lipids are distributed unevenly on the two leaflets of the lipid 

bilayer (Figure 1-1). Flip-flop of uncharged small lipids like cholesterol23,24 and 

diacylglycerol (DAG), the formation of lipid rafts composed of clusters of different lipids, 

and distinct membrane protein associations all build asymmetry. Lipid membranes use 
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these toolkits and energy to maintain asymmetry. The study of these biological 

strategies may suggest new and useful ideas for non-biological self-assembly systems.  

 

Figure 1-1 A simplified model of phospholipid membrane asymmetry. The phospholipids (blue and 

brown) and cholesterol (yellow) are distributed in both the leaflets, whereas sphingolipids (violet) 

are enriched in the outer leaflet of the bilayer. Saturated lipids (violet and brown) may form lipid rafts 

with those in non-raft domains containing singly or multiply unsaturated acyl chains (blue). 

Peripheral proteins including dually-acylated (green), GPI-anchored (brown), renylated (green) and 

transmembrane (blue) proteins all contribute to lipid membrane asymmetry. Reprinted from Waheed, 

A. A.et, al. Virus Res. 2009 with permission from Elsevier. 

 

Amyloid β Peptide Self-Assembles into Ordered Bilayer Architectures  

When considering materials that could act as a biomimetic to the plasma membrane, 

peptides prove to be an excellent starting medium. Peptides produced in vitro have the 

advantages of user-designed flexibility sequence and, critically, the ability to associate 

spontaneously. Simple peptides in different environmental conditions have been used to 

construct numerous supramolecular architectures such as ribbons25, fibrils26-28 and 

hollow tubes27,29,30 with nanoscale order, and rules governing peptide-peptide 

interactions are being actively investigated worldwide.  
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Peptide self-assembly was first examined not as used as the template for developing 

novel nanomaterials2,31, but due to its central role in the formation of some 

neurodegenerative diseases32-34. In particular, it was discovered that the nucleating core 

of the Amyloid β peptide of the Alzheimer’s disease, KLVFFAE and its E22L congener 

KLVFFAL can assemble into micrometer-long nanotubes under acidic conditions. A 

series of solid-state NMR and diffraction measurements revealed antiparallel one-

residue out-of-register β-sheets with a sheet-sheet lamination distances of 9.9 Å.  

Further characterization highlights a (4.3±1) nm wall thickness and a peptide bilayer 

leaflet interface.  This bilayer contains maximally-extended peptides of about 2 nm, and 

end-to-end peptide termini stacking of the two amyloid sheets (Figure 1-2).  

 

Figure 1-2 Model of the KLVFFAE peptide bilayer and trapped TFA. (A) Positions for the acetate 

carbonyl carbons are shown (gray spheres). The antiparallel out-of-register peptide configuration 

places the distance of the solvent-exposed acetates at 9.8 Å, the bilayer interface has a 
13

CO-
13

CO 

distance of 5.2 Å to the bilayer interface.  (B) Bilayer model of tube wall composed of anti-parallel 

out-of-register β-sheets. Lysine residues colored in blue and are located at the tube surface and the 

bilayer interface. TFA ions (space filling representation) are trapped within the bilayer interface
35

. 
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The patterned surfaces created from the well-defined β-secondary protein structure 

displays dimensions that are remarkably similar to biological phospholipid membranes. 

However, unlike lipids, the driving force for assembly is more directional with a distinct 

local order while the peptide side chains can display more functionality than lipid tails. 

Using this peptide tube model, it is now possible to construct new patterned bilayer 

surfaces and functional scaffolds from these simple peptides for various applications.  

 

Molecular Recognition Codes Direct Peptide Assembly 

In order to construct patterned surfaces and functional scaffolds, it’s critical to 

understand the rules and molecular recognition codes for peptide self-assembly. The 

term ‘code’ implies that a specific type of structure can be formed by design with diverse 

sets of molecules36. Biology uses a spectacular set of codes to program structure and 

function: nucleic acids with specific base pair association rules and protein folding of 

primary peptide sequences with specific surface domains and hydrophobic pockets. In 

the self-propagating cross-β assemblies, where progress is being made elucidating 

peptide self-assembling pathways for disease, short self-templating cross-β peptides37-39 

are being used to uncover the amino acid diversity and conformational flexibility that 

preferentially direct folding landscapes. For example, both computational models40-42 and 

experimental studies43-45 support the importance of non-specific electrostatic interactions 

during the initial peptide aggregation and ordering stages. These interactions between 

charged amino acids, although nonspecific, underpin the dynamic code. 

 

There are several examples of a predictable cross-β folding code that creates peptide 

assemblies, derived from the KLVFFAE peptide. This hepta-peptide, Ac-KLVFFAE-NH2, 

at neutral pH where the E residue on the C-terminus is charged, forms complementary 

K-E salt-bridges to stabilize anti-parallel in-register β-sheet assemblies27 (Figure 1-3A). 

At acidic pH, the salt bridge is weakened and complementary steric pairing between V-A 

dominate to give anti-parallel, out-of-register register β-sheet assemblies (Figure 1-3B).27  

Consistent with this proposal, E to leucine (L), Ac-KLVFFAL-NH2, removes the salt 

bridge27 and allows steric cross-strand pairing between the valine and the alanine to 

direct the out-of-register orientation independent of pH.27 When the valine is substituted 

with nor-leucine (nL), the more sterically demanding t-butyl side chain in Ac-KLnLFFAE-

NH2 overwhelms the K/E salt bridge at neutral pH to give out-of-register nanotubes46. 
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Hydrogen-bonded cross-strand pairing interactions offers directional control between 

strands, and the E22Q substitution mentioned above, Ac-KLVFFAQ-NH2, assembles as 

parallel strands stabilized by H-bonded Q-tracks stretching along the sheet (Figure 1-

3C)47. Cross-sheet pairing interactions have been constructed with β-(cytosine-1-yl)-

alanine to construct single-wall peptide nanotubes48 (Figure 1-3D).  

 

Figure 1-3  Amino acid complementary and self-pairings. (A) Salt bridge interactions between K-E. (B) 

Packing of bulky β-branched V against less bulky A. (C) Side-chain hydrogen bonding via Q as 

parallel in-register strands. (D) Cytosine-cytosine laminate pairing.  

 

This growing tool kit for cross-β assemblies has been exploited for materials synthesis, 

including lipid/peptide49, fluorophore/peptide50, biotin/peptide51 chimeric materials, and 

the subtle information encoded in sequence space can now be used to access unique 

supramolecular assemblies. The knowledge of the assembly pathway can now be used 

to create the functional feedbacks for the progressive growth of higher supramolecular 

order.    
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Nucleation and Seeded Growth in Amyloid Self-Assembly  

Prions and other amyloid-forming proteins devoid of nucleic acids are recognized as 

containing analog molecular information in the form of morphological diversity,38,52 and 

subject to mutation and amplification.53  Prions form when the protein changes from its 

normal, soluble structure to an aggregated, amyloid-like structure rich in β-sheets54,55. 

It’s a highly ordered process that occurs via a nucleation-dependent pathway with the 

nucleation step being the rate-determining step.56,57 In vitro studies of prions formation 

have revealed crucial intermediates of structurally fluid oligomeric complexes in amyloid 

nucleus formation58. Direct observation by fluorescence lifetime Imaging (FLIM)59 and 

fluorescence correlation spectroscopy (FCS)60 of amyloid peptide self-assembly also 

identified an initial globular phase, fluid particle-like aggregates and conclusively 

established that these intermediate disordered phases serve as nucleation centers for 

the transition to crystalline phases (Figure 1-4A). Other disordered oligomer assemblies 

and particle-like aggregates have been documented kinetically as on pathway61-63. 

Propagation occurs when the peptide monomers are added to the ordered nuclei which 

serve as templates (Figure 1-4B). Furthermore, the discovery of kinetic intermediate of 

amyloid self-assembly suggests a progressive assembly pathway47,64 that is subject to 

mutation and propagation.  
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Figure 1-4 Nucleation mechanism of peptide self-assembly. (A) FLIM analysis of Aβ(16-

22)/Rhodamine17-22 assembly and propagation of aggregate phases at the glass surface. Small 

aggregates adhered to the surface of the glass observed over time are seen to increase in size and 

serve as the epicentre of growing tubes. Adapted from Anthony, N. R. et, al. Soft Matter 2014 with 

permission from Royal Society of Chemistry. (B) Model of amyloid nucleation and propagation in 

which peptides collapse into a fluid oligomer that serves as amyloid nucleation sites. Propagation 

occurs by addition of solution monomers (red) onto the ordered β-sheet nuclei which serve as 

templates (blue). 

 

It is widely recognized that in order to form an Aβ nuclei, a local supersaturation 

mechanism must occur.65,66 If seeds or a preformed nucleus are added to a kinetically 

supersaturated solution, immediate polymerization can be achieved.67 Amyloid formation 

can be seeded in vivo and an ordered aggregate of infectious prion can act as a seed to 

induce interconversion from identical soluble protein molecules to the aggregated state, 

and thus lead to transmissible amyloidosis68. Indeed, research has been done on 
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heterogeneous seeding events, and in spite of low sequence similarity, proteins can 

seed across the species barrier69. 

 

Emerging evidence suggests that protein molecules with the same amino acid sequence 

can still present structural heterogeneity that is observed in diseases. Antibody stained 

Aβ (1-40) and Aβ(1-42) reveal micro heterogeneity in the amyloid deposit distribution70,  

demonstrated that both pure assembly and mixed assembly may occur within complex 

tissue environments. The relevance of pure versus mixed assembly can be illuminated 

by a case where homozygous carriers of an Aβ(1-42) A2V mutant are susceptible to 

familial Alzheimer’s disease, while heterozygous carriers are unaffected71. Both Aβ(1-42) 

and Aβ(1-42) A2V have the capacity to form amyloid structures in vitro; however, 

equimolar peptide mixtures appear incapable of forming amyloid assemblies under the 

conditions studied71. The present data highlights the importance of studying both pure 

and mixed assembly for understanding amyloidogenesis.  

 

An initial attempt in decoding the rules of specificity in seeding was performed by mixing 

two short peptides that are differed by a single methylene (Ac-KLVFFAL vs Ac-

KLVFFAV)72. These peptides assemble into with nanotubes with different peptide 

arrangements and different diameters (38 nm vs 278 nm). These peptides do not mix in 

the assembly, but instead phase separate into each distinct assembly.72 This astonishing 

example demonstrated how subtle changes in peptide sequence can direct self-

assembly nucleation and peptide behavior. 

 

Engineering Cross-β Peptide Surfaces for New Functions 

Surfaces formed from peptide-based patterns could be useful in molecular recognition 

events for biosensing or in recruitment of extrogenous molecules and even catalysts. For 

instance, biophysical characterization of cross-β peptide bilayer with 4 nm walls reveal 

lysine residues exposed on the surface of the tubes, as shown in Figure 1-5A. The 

leucine-lined hydrophobic groove has been shown to the amyloid histochemical dye 

Congo red (CR) between the cross-β  sheets.73 Electron diffraction and linear dichroism 

analyses place CR oriented parallel to the amyloid long axis and packed in both J- and 

H-aggregates along the laminate grooves as shown in Figure 6A,73 illuminating the 

ability of the amyloid to organize molecules into extended arrays. 

 

https://www.google.com/search?es_sm=122&q=amyloidogenesis.&spell=1&sa=X&ved=0CBsQvwUoAGoVChMImZCKgsaNxgIVk1iSCh2ibABH
https://www.google.com/search?es_sm=122&q=extrogenous&spell=1&sa=X&ved=0CBsQvwUoAGoVChMIpLOVmKCOxgIVD1CSCh2hiwCk
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Figure 1-5 A) Model of bound to Ac-KLVFFAL-NH2 nanotube surface with charged lysines (in blue) 
and hydrophobic leucines (in grey). Cross-β assemblies have 4.7Å in the H-bonding direction and 
10Å in the β-sheet stacking direction, resulting in a ~ 1nm x 1nm lysine grid on the solvent exposed 
surface. B) Fluorescence imaging of Rh-LVFFAE-NH2/Ac-KLVFFAE-NH2 ratios at 1:75. C) Molecular 
models of Rh-LVFFAE-NH2 and Alexa 555 binding with Ac-KLVFFAE-NH2 tube surfaces (Adapted 
from Childers, W.S. et, al. Curr. Opin. Chem. Biol 2009 with permission from Elsevier). (D) Cartoon 
describing the observed FRET across the surface. 

 

These extended surfaces have now been used to increase the functionality of the 

assemblies. For instance, the Rhodamine 110-containing probe peptide, Rh-LVFFAE-

NH2 allowed for the visualization of nanotube growth using fluorescence lifetime image 

microscopy (FLIM) (Figure 1-5B). Not only have these probes provided direct 

mechanistic insight into nanotube assembly,59,60,74 but also for the inter-conversion of 

physical and chemical energy. Based on the insights gained from CR binding, the 

fluorescent nanotubes were shown to readily bind the Alexa 555 dye (Figure 1-5C). 

Fluorescence resonance energy transfer (FRET) (Figure 1-5D) across the nanotube 

surfaces from Rhodamine and Alexa 555 demonstrates an early first step in functional 

light energy capture and transfer.50 The surfaces can be further engineered with 

cofactors. Stoichiometric Zn(II) added to the extended cross-β segment Ac-

HHQALVFFAE-NH2 prior to assembly reduces the lag phase and propagates a 

morphological transition from fibers to ribbons and nanotubes.25,75 These peptides 

assemble as antiparallel β-strands with the HH-dyad bridging the β-sheets. Both Zn(II) 
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and Cu(II) alter assembly kinetics and morphology.75 It may now be possible to extend 

such responsive networks synthetically, like a fluctuating metabolism, and use the 

network to select for new functional materials. Success in the creation of such dynamic 

networks will depend on an understanding of assembly energetics. 

 

Peptide self-assembly has proven to be a rich field for the controlled synthesis of 

architectures with desired structural features and unique functions. The resulting 

nanostructures could be of great interest in many biomedical and biomaterial 

applications31, including tissue engineering, regenerative medicine, drug delivery, and 

light-harvesting applications. In the past, peptide self-assembly research has been 

inspired by nature’s self-assembly of biopolymers. Although we are still a long way from 

duplicating the elaborate molecular assemblies, the intricate chemical strategies and the 

cooperative molecular networks that have emerged in living systems have provided 

lessons that propel us further. Surely we cannot assume that biology demonstrates all 

strategies for self assembly, but it offers a wonderful array of successful examples.  

 

The nucleating core of the Alzheimer’s disease peptide, KLVFFAE or Aβ(16-22), has 

been heavily studied and characterized using an array of biophysical  techniques27,76-78. 

In this dissertation, I will extend the self-assembly codes we learned from the Aβ(16-22) 

model system, systematically explore the strategies to engineer the peptide membrane 

surfaces, and employ novel biophysical techniques to characterize them. I will build from 

single components to multi-component systems that incorporate the asymmetry we see 

in biological self-assembly towards the creation of non-biological self-assembly networks 

for the purpose of constructing patterned nanotube surfaces and functional scaffolds.  
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Chapter 2 Construction of Patterned Phosphorylated Peptide 

Membranes 

Introduction 

Living cells contain a range of densely phosphorylated surfaces, including phospholipid 

membranes, ribonucleoproteins, and nucleic acid polymers. Hyperphosphorylated 

surfaces also accumulate in neurodegenerative diseases as neurofibrillar tangles of the 

microtubule-associated tau protein1-3. Tauopathies, including Alzheimer’s disease (AD) 

and Pick’s disease, are characterized by the cytoplasmic accumulation of densely tau 

phosphorylated neurofibrillar tangles4. The recent identification of specific 

ribonucleoprotein colocalization with hyperphosphorylated tau aggregates implies co-

aggregation or even cross-seeding events5 as etiologically significant in AD to RNA 

processing6. 

 

The nucleating core of amyloid β peptide, Aβ(16−22), Ac-KLVFFAE-NH2 and its 

congener, Ac-KLVFFAL-NH2 (E22L), assemble as peptide bilayer nanotubes7,8 with 

diameters of 54 ± 3 nm 7. The robust peptide bilayer membrane is morphologically 

similar to lipids but structurally quite distinct from the traditional lipid assemblies9. The 

peptides in each leaflet of the peptide bilayer are arrayed as β-sheets having antiparallel 

out-of-register strand arrangements, placing the N-terminal residues outside the H-

bonded array7. The positively charged lysine side chains repeat every nanometer on 

each leaflet face as rows running the length of the tube8. This structure also places the 

lysine at high density with the leaflet interface. Considering the mostly seen 

phospholipids in cell membranes, placing phosphorylated residues at the same charge 

density on peptide membranes becomes our first biomimetic approach. This can be 

easily tested by replacing the N-terminal lysine with phosphorylated tyrosine or 

phosphorylated serine. In this chapter, I’ll explore the self-assembly of the 

paracrystalline phase of the Aβ peptide with phosphorylated surfaces and its association 

with nucleic acid binding proteins histone H1.  

1 

                                                
1
 Results published asLi, S.; Sidorov, A. N.; Mehta, A. K.; Bisignano, A. J.; Das, D.; 

Childers, W. S.; Schuler, E.; Jiang, Z.; Orlando, T. M.; Berland, K.; Lynn, D. G. 
Biochemistry 2014, 53, 4225. 
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Figure 2-1 Peptide bilayer model for Ac-KLVFFAL peptide nanotube. The diameter of the nanotube is 

52 nm with a ~4nm tube wall thickness as shown in the cross-section TEM on the top left. The 

nanotube wall is composed by two leaflet with lysine exposed on the surfaces of both sides of the 

leaflets. The blue dots represent positively-charged lysine residues; red dots represent negatively-

charged counterion trifluoroacetate. 

 

Results 

Self-Assembly of Phosphorylated Peptide Membranes 

Ac-KLVFFAL-NH2 (E22L) peptide assembles as homogeneous nanotubes in 40% 

MeCN/H2O at pH7 in the presence of trifluoroacetic acid (TFA) which exists in the 

solvents from HPLC purification process. Trifluoroacetate is critical for the peptide 

bilayer formation because it compensates the positive charge of lysine both within the 

bilayer interface as well as along the entire aqueous surface of the nanotubes as has 

been observe at pH28. It is therefore hypothesized that a positively-charged counterion is 

needed to compensate the negatively-charged phosphate groups (Figure 2-2) under 

neutral condition.  

https://www.google.com/search?es_sm=122&biw=1280&bih=675&noj=1&q=trifluoroacetic+acid&spell=1&sa=X&ei=PxiDVdS2KovtsAXPlJLwDg&ved=0CBsQvwUoAA
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Figure 2-2 Molecular structure of lysine (left) and phosphotyrosine (right). 

 

Phosphotyrosine Ac-pYLVFFAL-NH2 peptide (K16pY)(E22L) was synthesized and 

assembled under different solvent conditions. Triethylammonium acetate (TEAA) and 

trimethylamounium acetate (TMAA) were selected as a buffer component in the self-

assembly of (K16pY)(E22L) peptide. TEAA and TMAA are commonly used buffer at 

neutral pH. Also, the counterion triethylamounium and trimethylamounium sizes are 

comparable to that of trifluoroacetate. Assembly of (K16pY)(E22L) peptide in 10 mM to 

50mM TEAA was tested from  without obvious difference in results. Therefore, TEAA 

and TMAA concentration is selected as 15mM if not otherwise specified.  

 

In order to test whether acetonitrile is needed for peptide nanotube formation, Ac-

pYLVFFAL peptide was assembled in A) 40%MeCN/TEAA, pH7, B) TEAA, pH7 and E) 

H2O, pH7 conditions and evaluated by Circular Dichroism (CD) and Transmission 

Electron Microscopy (TEM) (Figure 2-3 and Figure 2-4). In 40% MeCN/TEAA, Ac-

pYLVFFAL peptide exhibits diagnositic β–sheet ellipticity with maximum at 202nm and 

minimum at 225nm and assembles as homogeneous nanotubes (nanotube is negatively 

stained tube structures with white edges) (Figure 2-3 and 2-4A). Without the presence of 

acetonitrile, Ac-pYLVFFAL peptide only assembled as fibrils with weak ellipticity at 202 

nm (in TEAA) (Figure 2-3 and 2-4B) or no ellipticity (in H2O) (Figure 2-3 and 2-4E), 

confirmed that acetonitrile is needed for hydrophobic collapse of peptide nanotube 

structure during self-assembly process.  Condition A) 40%MeCN/TEAA, C) 

40%MeCN/H2O, pH7 and D) 40%MeCN/H2O+0.1%TFA, pH2 were designed to test what 

counterion was necessary for peptide bilayer formation. In 40%MeCN/H2O with (Figure 
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2-3 and 2-4C) or without TFA (Figure 2-3 and 2-4D), peptides only form amorphous 

aggregates without β-sheet ellipticity, verified the hypothesis that positively-charged 

counterions are needed for phosphate peptide bilayer formation. 

 

A comparison of condition A and F showed that in 40%MeCN/TMAA (Figure 2-3 and 2-

4F),  Ac-pYLVFFAL peptides still assembled as nanotubes with diagnositic β–sheet 

signature, suggested that both triethylamounium and trimethylamounium are able to 

compensate the charges of phosphate groups and facilitate the formation of peptide 

bilayer nanotubes. TEM tube width measurements (Figure 2-5) showed that Ac-

KLVFFAL and Ac-pYLVFFAL have identical diameters of 32± 5 and 32 ± 3 nm 

respectively. 
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Figure 2-3 Circular Dichroism of Ac-pYLVFFAL assembled under different conditions: A) 

40%MeCN/TEAA, pH7 (black); B) TEAA, pH7 (red); C) 40%MeCN/H2O, pH7 (blue); D) 

40%MeCN/H2O+0.1%TFA, pH2 (magenta); E) H2O, pH7 (green) and F) 40%MeCN/TMAA pH7 (orange). 

All samples were assembled under 4 °C if not specified otherwise. 
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Figure 2-4 TEM micrographs of Ac-pYLVFFAL-NH2 assembled under (A) 40%MeCN/TEAA, pH7, (B) 

TEAA, pH7, (C) 40%MeCN/H2O, pH7; (D) 40%MeCN/H2O+0.1%TFA, pH2, (E) H2O, pH7, (F) 

40%MeCN/TMAA pH7. Scale bar 200nm. 
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Figure 2-5 Width measurements from TEM images of A) (E22L) and B) (K16pY)(E22L) nanotube 

assemblies. 150-200 tube widths measurements were taken with an average of 3 measurements on 

each single tube at different positions. The frequency was plotted against widths and fit to Gaussian 

distributions with center ± width of 50.2 ± 7.4 nm (E22L) and 50.4 ± 4.1 nm (K16pY)(E22L). Nanotube 

diameters can be estimated as diameter = width*2/π to give 32 nm for both nanotubes. 

 

Structural Characterization of Phosphorylated Peptide Assemblies 

The (K16pY)(E22L) nanotubes exhibit ellipticity minima at 225 nm (Figure2-6), most 

consistent with β-sheets10. Powder X-ray diffraction (XRD) reflections of d-spacing of 4.7 

and 10.3 Å (Figure 2-7) can be assigned as β-strand and β-sheet, respectively, of a 

cross-β assembly.7,11-15 Fourier transform infrared spectra  (Figure 2-8)  shows a strong 

amide I absorption band at 1623 cm−1, further supporting H-bonded β-sheet structures, 

and a weak band at 1693 cm−1 consistent with antiparallel strand arrangements. The out-

of-register antiparallel organization is confirmed via solid-state nuclear magnetic 

resonance (NMR) 13C{15N}REDOR 16 measurements on [1-13C]V18,[15N]A21-

(K16pY)(E22L) assemblies, assigning Val18 as H-bonded to Ala21 on adjacent strands 

with 13C−15N distances of 4.2 ± 0.2 and 5.8 ± 0.2 Å and a 15N−13C−15N angle of 156° 

(Figure 2-9)  , identical to Aβ(16−22) and (E22L) tubes. As shown in Figure (Figure 2-10), 

atomic force microscopy (AFM) measurements are consistent with E22L and 

(K16pY)(E22L) tubes each maintaining the 4 nm thick wall of a cross-β peptide bilayer. 

The antiparallel β-sheet registry then places the phosphorylated residues on inner and 

outer tube surfaces and within the bilayer interface, establishing that this peptide bilayer 

is indeed capable of accommodating polar phosphates at the leaflet interface. The 

cross-β sheets laminate and coil up into ribbons to form nanotubes, resulting in 

individual H-bonded β-sheets running at an angle of with respect to the tube axis (Figure 

2-11). 
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Figure 2-6  Circular dichroism of (E22L) (blue) assembled in 40% MeCN/H2O with TFA and 

(K16pY)(E22L) (red) assembled in 40% MeCN/H2O with TEAA, pH7. 

 

 

Figure 2-7  X-ray powder diffraction of (E22L) (blue) assembled in 40% MeCN/H2O with TFA and 

(K16pY)(E22L) (red) assembled in 40% MeCN/H2O with TEAA, pH7 showing reflections at d-spacing 

of 4.7 Å and 10.3 Å. 
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Figure 2-8  FT-IR spectra of (E22L) (blue) assembled in 40% MeCN/H2O with TFA and (K16pY)(E22L) 

(red) assembled in 40% MeCN/H2O with TEAA, pH7 showing a strong IR stretch at 1623 cm
-1

, and a 

weaker band at 1693 cm
-1

. 
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Figure 2-9  Solid-state NMR 
13

C{
15

N}EDOR measurements of [1-
13

C]V18 [
15

N]A21 (K16pY)(E22L) 

peptides assembled as nanotubes. (A) 
13

C{15N}REDOR dephasing data fits to a (B) single 
13

C (black 

circle) surrounded by two 
15

N’s (blue circles) from adjacent H-bonded peptides. (C) Shows all 
13

C 

positions that fit the experimental 
13

C{
15

N}REDOR data within error. The white circle corresponds to 

the 
13

C position that has the best fit, with 
13

C-
15

N distances of 4.2±0.2 and 5.8±0.2 Å and a 
15

N-
13

C-
15

N 

angle of 156°. The calculated REDOR curve is show as a solid line in (A). (D) Three H-bonded anti-

parallel out-of-register peptides consistent with the NMR distance measurements. 
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Figure 2-10  Sample AFM measurements of top: (E22L), average height = 8.6±0.6 nm, and bottom: 

(K16pY) (E22L), average height = 8.3±0.6 nm peptide assemblies. Heights are average of 10 separate 

measurements. 

 

 

Figure 2-11 Model for (K16pY)(E22L) bilayer nanotubes with each leaflet composed of antiparallel 

out-of-register β-sheets. The N-terminal phosphotyrosine (pY) repeats every nanometer along each 

row. 

 

Diversifying Negatively-Charged Peptide Nanotube Surfaces 

The robustness of the negatively-charged peptide membranes was tested by replacing 

phosphotyrosine with glutamic acid and phosphoserine respectively to give Ac-

ELVFFAL-NH2 and Ac-pSLVFFAL-NH2 peptides. These peptides assembled under 40% 

MeCN/TEAA at neutral pH. Both peptides self-assembled into homogeneous nanotubes 
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with identical tube diameters as Ac-pYLVFFAL nanotubes as shown by TEM (Figure 2-

12) and tube width histogram (Figure 2-13). 

 

 

Figure 2-12 TEM micrographs of (A) Ac-ELVFFAL and (B) Ac-pSLVFFAL nanotubes assembled in 40% 

MeCN/H2O with TEAA, pH7. 

 

 

Figure 2-13 Width measurements from TEM images of A) Ac-ELVFFAL and B) Ac-pSLVFFAL 

nanotube assemblies. 50-100 tube widths measurements were taken with an average of 3 

measurements on each single tube at different positions. The frequency was plotted against widths 

and fit to Gaussian distributions with center ± width of 51.5 ± 5.4 nm and 50.9 ± 5.5 nm . Nanotube 

diameters can be estimated as diameter = width*2/π to give 32 nm for both tubes. 

 

Both Ac-ELVFFAL and Ac-pSLVFFAL nanotubes exhibit a circular dichroism (CD) 

ellipticity minima at 225 nm (Figure2-14), most consistent with β-sheets. Fourier 

transform infrared spectra (IR)  (Figure 2-15)  contain a strong amide I absorption band 

at 1623 cm−1, further supporting H-bonded β-sheet structures, and a weak band at 1693 
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cm−1 consistent with antiparallel strand arrangements. Powder X-ray diffraction (XRD) 

reflections with d spacing of 4.7 and 10.3 Å (Figure 2-16 and 2-17) can be assigned as 

β-strand and β-sheet reflections, respectively, within a cross-β assembly. 

 

 

Figure 2-14 Circular dichroism of (K16pS)(E22L) (red) and (K16E)(E22L) assembled in 40% MeCN/H2O 

with TEAA, pH7 with minimum at 225 nm and maximum at 202 nm. 

 

Figure 2-15 FT-IR spectra of (K16pS)(E22L) (red) and (K16E)(E22L) (black) assembled in 40% 

MeCN/H2O with TEAA, pH7 showing a strong IR stretch at 1623 cm
-1

 and a weaker band at 1693 cm
-1

. 
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Figure 2-16 X-ray powder diffraction of (K16E)(E22L) assembled in 40% MeCN/H2O with TEAA, pH7 

showing reflections at d-spacing of 4.7 Å and 10.3 Å. 
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Figure 2-17 X-ray powder diffraction of  (K16pS)(E22L) assembled in 40% MeCN/H2O with TEAA, pH7 

showing reflections at d-spacing of 4.7 Å and 10.3 Å. 

 

Solvent and Temperature Dependence of Phospohorylated Peptide Membranes 

Simple peptides can access diverse amphiphilic phases that appear to be etiologically 

relevant to several protein misfolding diseases17-21. The rich context-dependent behavior 

of the Aβ peptides nucleating core with lysine-rich surfaces has been tested in previous 

studies22. Solvent and temperature dependence of phosphorylated peptides assemblies 

are experimentally tested in this section.   

 

Pre-assembled Ac-pYLVFFAL-NH2 in 40%MeCN/TEAA as mature nanotubes  (Figure 2-

18A) were resuspended in HPLC grade water. The assemblies remain as homogeneous 

nanotubes (Figure 2-18B) and within a day or two begin to unravel into ribbons and even 

fibers by day 3 (Figure 2-18C). After 2 weeks in water, all assemblies had turned into 

fibers (Figure 2-18D). The phase transition between nanotubes and ribbons/fibers may 

be a result of hydrophobic collapse when acetonitrile was depleted from the solvent. 

Such structural interchange manipulated by a simple adjustment in solvent components 
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demonstrates phosphorylated peptide membranes to be dynamic assemblies responsive 

to external environmental fluxuations.  

 

 

Figure 2-18  TEM micrographs of mature Ac-pYLVFFAL-NH2 nanotubes formed 40%MeCN/TEAA and 

resuspend in water after A) 1hour, B) 3days, C) 1week and D) 1 month. Scale bar 200nm.  

 

Ac-pYLVFFAL-NH2 in 40%MeCN/TEAA assemble as mature nanotubes were incubated 

at 75 °C for 4 hours and cooled back to room temperature. TEM showed drastic change 

from homogeneous nanotubes to molten globular particles (Figure 2-19), suggesting that 

these assemblies are temperature-dependent. As temperate is elevated, the assemblies 

melt from nanotubes to particles. Interestingly, the paracrystalline order appears to be 

preserved to some extent as smaller particles appear to be budded out from the large 

particles which could be the formation of new nucleating core upon re-equilibrium at 

room temperature22. Particles fusion which might lead to the formation of ordered 

structures was observed in the solution during re-equilibrium, too. Such temperature-

dependent fusion behaviors reminiscent of what we seen in cell lipid membrane23,24 and 

implies plasticity of the peptide membranes structures.  

.  

https://www.google.com/search?q=paracrystalline&spell=1&sa=X&ei=WzSDVbmVJYHBsQXUiIHQBA&ved=0CBsQBSgA
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Figure 2-19  TEM images of A) matured Ac-pYLVFFAL-NH2 nanotubes incubated under 4 °C and B) C) 

D) incubated under 75 °C for 4 hours and then cool back to RT. 

 

AuNPs Binding with Peptide Membranes 

Cross-β peptide membrane surfaces are known to be able to bind small molecules and 

metal arrays25-27. Gold-nanoparticles (AuNPs)28-30 have attracted attention in medical 

sciences and biotechnology because of their biocompatibility. Despite the importance of 

nano-bio interfaces31, however, the interaction between peptides and protein with gold 

surfaces32 is not fully understood. In order to characterize the charged surfaces of 

peptide membranes as well as understand the association between gold nanoparticles 

and peptides surfaces, gold nanoparticles with positive and negative coats were 

synthesized or purchased and used for association with peptide membrane surfaces in 

this section. 

 

Different experimental schemes B-F as shown in Figure 2-20 were designed to test 

AuNPs-peptide nanotubes surfaces association (Figure 2-20). Citrate coated negatively 

charged gold nanoparticles with 5 nm diameter was synthesized and used for initial 

methodology test. Compare experiment B and C (Figure 2-20 B and C), when AuNPs 

and peptide nanotubes were incubated in solution for 3 hours resulted in more efficient 

binding of AuNPs with the nanotubes than 15 mins incubation. Both shorter and longer 

incubation time produced clean images without much unbound AuNPs. However, 

incubation of AuNPs and peptide nanotubes on the grid directly (Figure 2-20 D, E and F) 

led to both bound and unbound AuNPs. Drying the TEM grid in dessicators (Figure 2-

19E and F) preserves binding behaviors of AuNPs better than wicking with filter paper 

(Figure 2-20D). Compare Figure 2-20 E and F suggests that the TEM grid with peptide 

nanotubes doesn’t need to be dried for 24 hours before the addition of AuNPs.  Although 

different experimental methods only have subtle differences in terms of gold binding 

effects, incubating in solution, resuspending the pellet and drying the grid in air generally 
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lead to more efficient binding of AuNPs with peptide nanotubes. Therefore, experimental 

schemes B (Figure 2-20 B) was chosen for further studies.  

 

 

Figure 2-20  TEM micrographs of gold nanoparticles binding with Ac-KLVFFAL nanotubes with 

different experimental methods. (A) Ac-KLVFFAL nanotubes, stained with uranyl acetate; (B) AuNPs 

and peptide nanotubes were incubated in solution for 15 min, then the pellet was spun down and 

resuspended in solvents, and the solution was applied on the grid and dried in dessicators for 24 

hrs; (C) AuNPs and peptide nanotubes were incubated in solution for 3 hrs, then the pellet was spun 

down and resuspended in solvents, and the solution was applied on the grid and dried in 

dessicators for 24 hrs; (D) AuNPs and peptide nanotubes were incubated on the carbon grid directly 

and dried with filter paper; (E) AuNPs and peptide nanotubes were incubated on the carbon grid 

directly and dried in dessicators for 24 hrs; (F) peptide nanotubes were incubated on the carbon grid 

and dried in dessicators for 24 hrs first and then AuNPs were added to the grid and dried for 24 hrs. 

No uranyl acetate stain in figure B-F. 

 

Next, both negatively charged gold nanoparticles (functionalized with citrate) and 

positively charged gold nanoparticles [functionalized with (11-mercaptoundecyl)-N,N,N-

trimethylammonium bromide] were prepared. Negatively charged gold nanoparticles 

organize specifically along the surfaces of the positively-charged (E22L) assemblies, 

while positively charged gold nanoparticles coat only the negatively-charged 

(K16pY)(E22L) assemblies (Figure 2-21). The result is consistent with positively-charged 

(E22L) peptide nanotube surfaces and negatively-charged (K16pY)(E22L) peptide 

nanotube surfaces. 
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Figure 2-21 Gold nanoparticle binding to (E22L) and (K16pY) (E22L) peptide nanotubes visualized by 

TEM without stain. (A) 5 nm negatively-charged gold nanoparticles; (B) Negatively-charged gold 

nanoparticles co-incubated with (E22L) tubes; (C) Negatively-charged gold nanoparticles co-

incubated with (K16pY) (E22L)tubes; (D) 10 nm positively-charged gold nanoparticles; (E) Positively-

charged gold nanoparticles co-incubated with (E22L) tubes; (f) Positively-charged gold 

nanoparticles co-incubated with (K16pY) (E22L) tubes. Scale bars, 50 nm. 

 

Salt-induced Macroscale Assembly of Peptide Nanotubes  

Salt-induced33 aggregation was employed to evaluate the nanotube surface charge. 

Induction follows the Hofmeister series34, with SO4 
2− bundling (E22L) nanotubes34  but 

not (K16pY)(E22L) nanotubes (Figure 2-22 B and E), consistent with (E22L) having 

positively charged surfaces and (K16pY)(E22L) having negatively charged surfaces. 

Similarly, Mg2+ bundles only (K16pY)(E22L) nanotubes (Figure 2-22 C and F). 
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Figure 2-22 (A−F) Transmission electron microscopy micrographs of salt-induced bundling of (E22L) 

(top) and (K16pY)(E22L) (bottom) nanotubes: (A and D) without additional salts, (B and E) 2 h after 

the addition of Na2SO4, and (C and F) 2 h after the addition of MgCl2. Peptide:salt molar ratio of 1:4.5 

and scale bars of 200 nm. 

 

Similar to (K16pY)(E22L) nanotubes, (K16E)(E22L) and (K16pS)(E22L) nanotubes 

bundled only in the presence of  Mg2+, (Figure 2-23) suggesting they have similar 

negatively-charged surfaces. 
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Figure 2-23 (A−F) Transmission electron microscopy micrographs of salt-induced bundling of (K16E) 

(E22L) (top) and (K16pS)(E22L) (bottom) nanotubes: (A and D) without additional salts, (B and E) 2 h 

after the addition of Na2SO4, and (C and F) 2 h after the addition of MgCl2. Peptide:salt molar ratio of 

1:4.5 and scale bars of 200 nm. 

 

Development of Electrostatic Force Microscopy  

The atomic force microscope (AFM)35-37 is one kind of scanning probe microscopes 

(SPM)38, designed to measure local properties with a probe. Electrostatic Force 

Microscopy (EFM)39-41 is a secondary imaging mode derived from AFM. A voltage is 

applied between the tip and the sample to create and modulate an electrostatic field. 

The cantilever’s resonance frequency and phase change with the strength of the electric 

field gradient are used to construct the EFM image (Figure 2-24). The goal of an EFM 

experiment is not to image the surface topography as in AFM, but rather to image the 

electrical properties of the surface.42,43 
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Figure 2-24 EFM maps locally charged domains on the sample surface. 

 

EFM can be used to distinguish conductive and insulating regions in a sample. Figure 2-

25 shows the standard test sample and its magnified view. The test sample consists of 

two comb shaped golden electrodes with each tooth of one electrode lying between 

teeth of the other. Each electrode has a wire connected to it. One wire is connected to 

the sample holder and thus sample biased, and the other wire is connected to the 

ground wire and thus grounded.  

 

Figure 2-25  The standard sample (left) and its magnified view (right). 

 

Figure 2-26 shows the Topography and EFM signals of the standard sample. Since all 

the neighboring teeth of the comb shaped electrode are the same height, the 

Topography signal is in the shape of a square wave. However, the neighboring electrode 
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differs in potential, every other peak is relatively positive compared to background in the 

EFM image. 

 

 

Figure 2-26 Topography (left) and EFM amplitude (middle ) and EFM phase (right) signals of the 

standard sample. 

 

Analysis of Supramolecular Assemblies via Electrostatic Force Microscopy 

The structural models7 Ac-KLVFFAL and Ac-pYLVFFAL peptides present high density of 

ammonium ions/phosphate ions located at precise positions across a nanoscale grid on 

a hollow nanotube surface. Methods for mapping these charges in aqueous solutions to 

define positions of macromolecular adsorbents, surface imperfections, domain size, and 

even surface dynamics are less developed. EFM have been widely used successfully for 

measuring the electric field gradient distribution above dry surfaces, including mineral 

crystal surfaces44, graphene layers45, doped regions in semiconductors46 and other solid 

materials47. Attempts had been made on mapping charge distribution of simple peptide 

assemblies48,49 too, albeit none of the assemblies contain patterned charged surfaces.  

Here we demonstrate electrostatic force microscopy (EFM) analyses that map the 

charge distribution on these highly ordered self-assembled peptide membranes in a 

partially dried state.  

 

Figure 2-27 A shows the partially dried (E22L) assemblies as repulsive (white) to a 

positive bias tip, while the (K16pY)(E22L) assemblies (Figure 2-27B) are attractive (dark) 

along the entire length of each assembled nanotube. The results are consistent with 

highly ordered positively-charged (E22L) nanotubes and negatively-charged 

(K16pY)(E22L) nanotubes.  
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Figure 2-27 Atomic and electrostatic force micrographs of (A) (E22L) and (B) (K16pY)(E22L) 

nanotube assemblies. Topography (left) and EFM amplitude (right) micrographs of peptide 

nanotubes with a DC bias of +1 V. In the EFM amplitude micrographs, positively charged surfaces 

are white and negatively charged surfaces are dark. 

 

I argue that these unique charge patterns stem from the alignment of peptide residues 

(lysine and phosphotyrosine) in rows along the length of the tubes and that ammonium 

ions/phosphate ions in solution would not make such pattern. To test this argument, 

salts sample of NH4Cl and Na2HPO4 were analyzed by EFM. Charges were observed in 

these two samples, but existed as crystalline or aggregates, not as patterned charged 

surfaces as that of peptide nanotubes (Figure 2-28 and Figure 2-29). Together, these 

spectroscopic and scanning probe analyses define unique patterned peptide nanotube 

surfaces (Figure 2-30). 
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Figure 2-28 Topography (left) and EFM amplitude (right) micrographs of dried salt solutions of (A) 

NH4Cl2 and (B) Na2HPO4, with a DC bias of +1 V. In the EFM amplitude micrographs, positively 

charged surfaces are white and negatively charged surfaces are dark. 

 

 

Figure 2-29 3D electrostatic force micrographs of dried salt solutions of (A) NH4Cl2 and (B) Na2HPO4 

with a DC bias of +1 V. In the EFM amplitude micrographs, positively charged surfaces are white and 

negatively charged surfaces are dark. 
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Figure 2-30 Model of Ac-KLVFFAL and Ac-pYLVFFAL nanotubes, blue represents positively charged 

lysine residues, red represents negatively charge phosphotyrosine residues. 

 

Small Molecules Binding with Phosphorylated Peptide Nanotube Surfaces 

Congo Red (CR)50,51 and Thioflavin T (ThT)52,53 are well-known universal diagnostic 

indicator of amyloid structures. CR has been reported to template in amyloid’s cross-β 

grooves and upon binding shows a red-shift in the UV25. ThT is a benzothiazole dye that 

can exhibits enhanced fluorescence upon binding to amyloid fibrils. Nevertheless, due to 

the negative charges on CR and positive charges on ThT dyes, the positively-charged 

(E22L) peptide nanotubes are only able to bind to CR, not ThT25. To further test the 

homogeneous charged surfaces generated by a simple N-terminal residue switch, CR 

and ThT binding were tested with (K16pY) (E22L) peptide nanotubes. No absorbance 

shift was observed when CR mixes with (K16pY) (E22L) peptide nanotubes (Figure 2-

31), but ThT fluorescence intensity drastically in the presence of (K16pY) (E22L) peptide 

nanotubes (Figure 2-32). Consistent with ThT binding to the phosphorylated peptide 

membrane surfaces, very likely as a result of electrostatic association.  
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Figure 2-31 UV-Vis absorbance comparison of 16 μM CR (black), 16 μM CR + 160 μM (K16pY) (E22L) 

peptide nanotubes (red) in water, background corrected. 
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Figure 2-32 Florescence spectra of 250 μM ThT (black), 250 μM ThT μM CR + 500 μM (K16pY) (E22L) 

peptide nanotubes (red) in water. 

 

Neurofibrillar Tangle Surrogates: Histone H1 Binding to Phosphotyrosine Peptide 

Nanotubes 

The eukaryotic cell matrix presents a labyrinth of phospholipid membranes partitioning 

diverse compartments in a sea of ribonucleoproteins, phosphorylated metabolites, and 
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nucleic acid polymers. Such charged surfaces must all be navigated by the information 

processing cellular proteins that process nucleic acids. To further exploit the organizing 

potential of the peptide membranes as biomimetic surfaces, I extended small molecule 

binding to large protein binding in this section. Histone H1was chosen for initial 

evaluation of the phosphorylated nanotube surfaces . It accumulates in the cytoplasm of 

neurons and astrocytes in areas impacted by neurodegenerative disease54 and serves 

as a prototypical nucleic acid binding protein55. The addition of histone H1 to 

(K16pY)(E22L) nanotubes does not disrupt the assemblies as visualized by transmission 

electron microscopy (TEM) (Figure 2-33 A), and two-photon fluorescence images in 

Figure 2-33 show Alexa 488 fluorophore-labeled calf thymus histone H1 specifically 

sequestered by the negatively charged (K16pY)(E22L) nanotubes (Figure 2-33 D), but 

not the positively charged (E22L) tubes (Figure 2-33 C). The precisely mapped 

electrochemical potential measurements on peptide assemblies appears to be 

independent of associated proteins as EFM are still consistent with negatively-charged 

peptide nanotubes.  (Figure 2-34). 

 

 

Figure 2-33 (A) TEM image of 500 μM (K16pY)(E22L) nanotube assemblies in the presence of 4.6 μM 

histone H1−Alexa 488 conjugate. (B−D) Single slices of the two-photon fluorescence image excited 

at 780 nm of 4.6 μM Alexa 488-labeled calf thymus histone H1 alone (B), in the presence of 500 μM 

E22L nanotube assemblies (C), and in the presence of 500 μM (K16pY)(E22L) nanotube assemblies 

(D). 
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Figure 2-34 Atomic and electrostatic force microscopy images of (K16pY) (E22L) nanotube 

assemblies with surfaces coated by the positively charged Histone H1 protein. (Left) topography 

images of peptide nanotubes and (Right) EFM amplitude micrographs with a DC bias = +1V. 

(K16pY)(E22L) assemblies are attractive (dark) along the entire length of each assembled nanotube 

even in the presence of Histone H1. 

 

Fluorescence imaging of histone H1 binding other the other two negatively-charged 

peptide nanotubes was also investigated. Histone H1 binds to Ac-pSLVFFAL nanotubes 

similarly  to that of Ac-pYLVFFAL nanotubes. However, Histone H1 only causes 

aggregation or disassembly of Ac-ELVFFAL nanotubes (Figure 2-35), suggesting the 

binding interaction between histone H1 and the peptide nanotube surface is not merely 

electrostatic interaction, but more of specific interaction between histone H1 and 

phosphorylated membrane surfaces.  

 

 

Figure 2-35 Single slices of confocal fluorescence image of 4.6 μM Alexa 488-labeled calf thymus 

histone H1 in the presence of 500 μM (A) Ac-pYLVFFAL nanotubes, (B) Ac-pYLVFFAL nanotubes, (D) 

Ac-pSLVFFALnanotubes. Scale bar 20 μm. 
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Isothermal titration calorimetry (ITC) thermograms show minimal heat change (Figure 3-

35) between histone H1 and (E22L) assemblies. In contrast, the addition of histone to 

(K16pY)(E22L) nanotubes (Figure 3-36) fit to a one-site model with a large endothermic 

heat of binding (ΔH = 36.7 ± 5 kcal/mol) and a −TΔS of −48 kcal/mol. This entropically 

driven association, with a Ka of (2.09 ± 0.3) × 108 M−1, is remarkably 2 orders of 

magnitude higher than that of binding to calf thymus DNA at the same temperature.56,57 

Even more significantly, the saturation stoichiometry of (6.78 ± 0.06) × 10−3 binding sites 

per peptide translates into 147 ± 13 peptides per histone binding site. A binding site of 

147 peptides represents an area of 11.3 nm × 5.2 nm (59 nm2) on the nanotube surface, 

a large area for a 2.9 nm diameter globular protein with short unstructured N- and C 

termini55.  
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Figure 2-36 Typical ITC titration curve for the addition of Histone H1 to (E22L) nanotube solutions. (A) 

Baseline-corrected raw ITC signal for 30 injections of Histone H1 protein solution (300 μL of 2.25 μM) 

into the ITC cell filled with (E22L) nanotube solution (40 μM initial peptide concentration). (B) 
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Apparent ΔH for each injection, consistent with the positively charged histone not interacting with 

the positively charged peptide nanotube. 

 

 

Figure 2-37 Typical ITC titration for addition of Histone H1 to (K16pY) (E22L) nanotube solutions. (A) 

Baseline-corrected raw ITC signal for 30 injections of a Histone H1 protein solution (300 μL of 2.25 
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μM) into the ITC cell filled with (K16pY) (E22L) nanotube solution (40 μM initial peptide 

concentration). (B) Apparent ΔH for each injection along with the best-fit to a one-site binding model. 

Errors listed are the standard deviations for the best fit parameters Kd and ΔH determined in 

triplicate experiments. 

 

To confirm the histone binding ITC values, fluorescence polarization (FP) is followed as 

(K16pY)(E22L) nanotubes are titrated into a fixed histone H1−Alexa 488 concentration 

(Figure 3-13). Assuming noncooperative association and 147 peptides per binding site, 

the Kd of (4.8 ± 2.9) × 10−9M is identical to the Kd determined by ITC [(4.78 ± 0.58) × 

10−9 M]. A recent evaluation of the binding of histone H1 to DNA identifies a binding site 

of 32 ± 1 bp,24 consistent with a histone length of 11 nm. With the 2.9 nm diameter of 

the globular domain, the histone coverage area can be estimated to be 11 nm × 3 nm 

(33 nm2), on the order of the surface area calculated for binding to the (K16pY)(E22L) 

nanotube surfaces and consistent with significant conformational plasticity upon binding. 

 

 

Figure 2-38 Fluorescence polarization saturation data for Histone H1-Alexa 488 conjugate and 

(K16pY) (E22L) nanotubes with a protein concentration of 0.0625μM and the (K16pY) (E22L) peptide 

concentrations of 0.32, 0.65, 1.3, 2.6, 3.2, 4.3, 6.5, 13, 26, 33, 39, 52 μM and converted to 
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concentration of his-tone binding sites (divided by 147 peptides per binding site). Fractional 

occupancy is plotted versus concentration in histone H1 binding sites. 

 

Association of histone H1 with the DNA backbone58 is important in gene regulation59, 

chromatin condensation60, and global control over chromatin remodeling activities61. 

However, H1 also permeates biological membranes and has been used to chaperone 

chimeric macromolecules across cell barriers62, highlighting the range of phosphorylated 

surfaces on which this protein functions. Demonstration of histone H1 binding with the 

phosphorylated peptide membranes opens the route for using peptide membrane as 

model surfaces to study protein associations.  

 

Conclusions 

In this chapter I have generated highly ordered phosphorylated peptide membrane 

surfaces by a simple N-terminal residue replacement of the Aβ (16-22) (E22L) peptide. 

This (K16pY)(E22L) peptide exhibits identical cross-β bilayer structure as the (E22L) 

peptide. AuNPs binding and salt bundling strategies were employed to test the surface 

charges of the two peptide nanotubes. I have further demonstrated electrostatic force 

microscopy (EFM) analyses that map the charge distribution on these self-assembled 

peptide membranes in a partially dried state. The results are consistent with 

homogeneously charged peptide membrane surfaces that achieve microscale order and 

open new opportunities for characterizing more complex and dynamic self-assembled 

engineered materials. 

 

The successful characterization of surface charge properties of peptide membranes 

made it possible to exhibit small molecules and large proteins association with the 

surfaces. The synthetic accessibility and morphological tractability of these patterned 

peptide surfaces7,22 now opens entirely new possibilities for studying protein associations. 

For example, given that histone H1 was the first nucleic acid binding protein to be 

identified as mislocalized in amyloid diseases54 and the recent implications of 

accumulation of other information processing proteins in disease plaques63, this 

neurofibrillar tangle surrogate can be used for proteomic screening of AD tissues and 

other aberrant cellular assemblies and exploration of seeding and co-assembly in 

disease etiology64. 
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Methods 

Peptide synthesis and purification 

Peptides were synthesized using a Liberty CEM Microwave Automated Peptide 

Synthesizer (NC, USA) and a FMOC-Rink Amide MBHA Resin (AnaSpec, CA, USA ). 

FMOC-Rink Amide MBHA Resin was swollen using dimethylformamide for 15 minutes. 

Microwave assisted FMOC deprotection was completed using 20% piperdine in 

dimethylformamide at 45-55°C for 180 sec, followed by 3X dimethylformamide flushes. 

Each FMOC-amino acid coupling step was performed using 0.1M FMOC protected 

amino acid and activated with 0.1 M 2-(1H-Benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU), and 0.2 M N,N –

Diisopropylethylamine (DIEA) in DMF. Coupling temperatures using microwave were 

maintained between 75-82°C for 300 sec, then rinsed with three aliquots of 

dimethylformamide.  Phosphotyrosine and phosphoserine was double coupled with 6W 

power instead of 8W for other amino acids resulting in a final temperature for coupling of 

75°C. Final acetylating of the N-terminus was achieved by addition 20% acetic anhydride 

in dimethylformamide. Resin was filtered and washed with dichloromethane and allowed 

to air dry. Peptides were cleaved from the resin using trifluoroacetic acid/thioanisole/1,2-

ethanedithiol/anisole (90: 5 : 3 : 2, v/v/v/v) at room temperature for 3 hrs. The cleaved 

peptide-TFA solution was filtered, and precipitated by drop-wise addition to cold (-20°C) 

diethyl ether. Precipitated product was centrifuged at 3000 rpm for 10 min, and the pellet 

was further washed 3 times with cold diethyl ether. Dried Ac-KLVFFAL-NH2 peptide was 

dissolved in minimal volume of 40% acetonitrile/H2O + 0.1% trifluoroacetic acid and 

purified by RP-HPLC using a C18-reverse phase column with an acetonitrile-water 

gradient. Ac-(pY)LVFFAL-NH2 , Ac-(pS)LVFFAL-NH2 and Ac-(E)LVFFAL-NH2 peptide 

was dissolved in minimal volume of 40% acetonitrile/triethylamounium acetate buffer (pH 

7) and purified by  HPLC with an acetonitrile-triethylamounium acetate buffer (100mM) 

gradient. Molecular weight was confirmed by MALDI-TOF using a 2,5-dihydroxybenzoic 

acid matrix. 

 

Peptide Assembly 

Peptide powders were dissolved in HFIP to make sure no pre-formed aggregates were 

present before assembly and dried via a centrivap concentrator. The HFIP treated 

peptide sample was dissolved in 40% acetonitrile/water, adjusted to pH 7 with NaOH, by 

vortexing and sonication at room temperature. Since TFA was present during purification 
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and after lyophilization of Ac-KLVFFAL-NH2 peptide, no extra TFA was added to the 

assembly solvents (40% acetonitrile/water). For Ac-(pY)LVFFAL-NH2 , Ac-(pS)LVFFAL-

NH2 and Ac-(E)LVFFAL-NH2 peptide, clear films are usually presented after 

lyophilization instead of commonly seen white powders. To assemble Ac-(pY)LVFFAL-

NH2 , Ac-(pS)LVFFAL-NH2 and Ac-(E)LVFFAL-NH2 peptides 15 mM triethylamounion 

acetate buffer was used instead of pure water. Incubation at 4°C for 1-3 weeks was 

generally required for the sample maturation. 

 

Transmission Electron Microscopy Imaging 

Upon addition to TEM grid (carbon/copper), the peptide assemblies were allowed to 

adsorb for 1 min. Excess peptide solution was wicked away with filter paper. 2-wt % 

uranyl acetate was added to TEM grids and incubated for 3-5 minutes. Samples were 

then placed in a vacuum dessicator overnight. TEM micrographs were recorded with a 

Hitachi 7500 TEM at magnifications ranging from 2, 000x to 200, 000x with a Tungsten 

filament at an accelerating voltage of 75 kV.  

 

Circular Dichroism  

CD spectra were recorded using a JASCO J-810 spectropolarimeter fitted with a Peltier 

temperature controller. Samples (25 μL) were placed into a quartz cuvette with a 0.1 mm 

path length (Starna Cells). Each spectrum was obtained by scanning wavelength from 

300 nm to 180 nm at a scanning rate of 100 nm/min with a resolution of 0.2 nm. Three 

successive wavelength scans were averaged for each sample. Buffer control spectra 

were averaged and subtracted from the sample spectra. 

 

Fourier-Transform Infrared Spectroscopy 

Sample aliquots (10μL) were dried as thin films on an ATR diamond cell. The IR spectra 

were acquired using a Jasco FT-IR 4100 ATR with a diamond crystal at room 

temperature and averaging 256 scans with 4 cm-1 resolution. Background spectra were 

acquired immediately before each sample and were subtracted from each sample 

spectrum. 

 

X-ray powder diffraction 

                Assembled peptide nanotubes were bundled with sulfate or magnesium with 

the ratio of peptide to salt 1:10. The white precipitate was collected by centrifugation. 
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The pellet was frozen and lyophilized to yield dry powder for X-ray diffraction. The 

powder spectra were obtained using a Bruker D8 Discover diffractometer, equipped with 

a multiposition X, Y, Z stage, a cobalt X-ray tube with Goebel mirror and a Vantec1 solid 

state detector. The sample was placed in a zero-background holder on the stage and the 

spectrum obtained using Bragg-Brentano geometry. The scan step was repeated 

several times to maximize the diffracted intensity and minimize noise. 

 

Peptide Registry Determined by Solid-State NMR 

Mature nanotubes were bundled with MgCl2 with a peptide to magnesium ratio of 1:1. 

Previously, counter-ion bundling of nanotubes has been shown to protect assemblies 

from freezing and lyophilization.65  The resulting white precipitate was pelleted by 

centrifugation for 10 min at 13000g to remove any unassembled peptides, frozen and 

lyophilized to yield dry powder. TEM confirmed the presence of only intact tubes after 

lyophilization. The NMR sample (~40 mg) was packed into a 4 mm solid-state NMR rotor 

and centered using boron nitride spacers.  

 

All NMR spectra were collected with a Bruker (Billerica, MA) Avance 600 spectrometer 

and a Bruker 4 mm HCN biosolids magic-angle spinning (MAS) probe. The pulse 

sequence for 13C{15N} rotational-echo double-resonance (REDOR)66-68 consists of two 

parts, an S sequence that contains both 13C and 15N pulses, and the S0 sequence which 

is identical but does not contain any 15N dephasing pulses. Pulsing the dephasing 15N 

spins interferes with the averaging of the 13C-15N dipolar coupling due to magic-angle 

spinning. This is observed in the REDOR S spectrum, where the signal decays 

according to both T2 (spin-spin relaxation) and the heteronuclear 13C-15N dipolar 

-pulses is equal 

to ½ of the rotor-cycle. The sequence without any 15 -pulses gives the 

REDOR full-echo or S0 spectra, where the magnetization decays according to only T2. 

The difference between the REDOR S and S0 signal (S) is directly proportional to the 

dipolar coupling, hence the distance between the two spins. 

 

To compensate for pulse imperfections, xy8 phase cycling69 of 13C{15N}REDOR66-68 4 

and 8 μs rotor-synchronized 13C and 15N π-pulses, respectively, and EXORCYCLE 

phase cycling70,71 of the final 13C Hahn-echo refocusing pulse were applied with 128 kHz 

Spinal6472 1H decoupling. To minimize the effects of RF inhomogeneity71,73, 13C π-pulse 
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power level was arrayed in the REDOR S0 pulse sequence at long REDOR evolution 

times (54.4 ms, corresponding to ~544 4 s 13C π pulses) and choosing the power level 

that corresponded to the maximum signal intensity.74 Similarly, 15N π pulses were 

determined by arraying the 15N power level using the REDOR S experiment at REDOR 

evolution times corresponding to a S/S0 between 0.3 and 0.5.74 To normalize for the 

decay due to T2, individual REDOR curves are plotted as S/S0.   REDOR data points 

are the integrated sum of center- and sideband peaks. Error bars were calculated using 

the noise of each spectrum as the maximum peak height deviation. REDOR data points 

were fit with an analytical function75 that describes the REDOR dephasing as a function 

of the heteronuclear dipolar coupling, the number of rotor cycles and the rotor period for 

a single observe spin in the presence of multiple dephasing spins76.  15N dephasing 

spins were fixed at a distance of 9.4 Å, corresponding the distance from XRD, and 

REDOR curves were calculated as a function of the 13C position. 

 

MAS frequency was kept under active control at 10 kHz ± 2 Hz. The cooling and 

spinning air exit temperature was maintained below -1 °C to ensure MAS and RF 

heating did not denature the samples. 13C (150.8 MHz) and 15N (60.8 MHz) CP-MAS 

spectra before and after 13C{15N}REDOR experiments confirmed that the samples did 

not change during the experiment.  

 

Atomic Force Microscopy 

20 µL of assembled peptide solutions were diluted to desired concentrations and placed 

on a silicon chip (4’’ diameter diced silicon wafer (TedPella, Inc, Redding, CA) previously 

cleaned by sonication in methanol for 20 min, for one minute at room temperature. 

Excess solution was removed with filter paper and the chip was rinsed with distilled H2O. 

Tapping mode analysis on a JEOL JSPM-4210 scanning probe microscope employed 

ultra-sharp non-contact silicon cantilevers (MikroMasch, Wilsonville, OR) with typical 

frequencies between 240 and 350 kHz. Images were collected on dry samples.  

 

Gold Nano Particle Binding 

Negatively-charged gold nanoparticles were synthesized77 by addition of freshly 

prepared 3mM sodium citrate solution (500µL) to 0.3mM aqueous solution of HAuCl4 

(4.4mL), and stirred for ~10min. Freshly prepared, ice-cold, 0.3M NaBH4 (60µL) was 

added while stirring. The solution immediately turned pink, indicating the formation of 
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gold nanoparticles. The concentration ratio of [Au]/[capping agent]/[NaBH4] was 1:1:12. 

The spherical-shaped nanoparticles of dimensions 4±1 nm showed a localized surface 

plasmon resonance (SPR) transition at 505 nm, as measured with a Jasco V-530 UV 

spectrophotometer, and were further characterized by TEM. Positively-charge gold 

10nm cationic gold nanoparticles (Cytodiagnostics, Canada) were surface functionalized 

with (11-Mercaptoundecyl)-N,N,N-trimethylammonium bromide. 

 

For gold binding studies, 200µL of preformed gold colloid (0.3mM) was mixed with 5µL 

mature peptide nanotubes (1.3mM) to a final 9.2:1 ratio of gold to peptide. The mixture 

was incubated at room temperature for 3hrs, until a purple red precipitate gradually 

formed. After centrifugation, the collected pellet was resuspended in the assembly 

solution. Then 10µL of sample was applied to TEM grid for 2min, and excess solvent 

was removed with filter paper. The sample grid was stored in vacuum dessicator 

overnight before imaging.  

 

Bundling Peptide Nanotubes 

Salts, molar ratio to peptide 4.5:1, were added to peptides assembled as nanotubes. If 

white precipitation was formed (usually formed within several minutes), the solution was 

centrifuged and the supernatant was discarded and the pellet was dissolved in identical 

solvent and used for TEM imaging. If no precipitant was formed after 1 hr, this solution 

was used for TEM imaging directly.  

 

Electrostatic Force Microscopy  

Electrostatic Force Microscopy (EFM) was performed on Park System XE-100 AFM. Pt-

Ir coated electrically conductive cantilevers were used to map electrical properties on the 

samples. The cantilevers had a tip radius <20nm and a force constant 2.8 N/m. EFM 

was operated in ambient conditions. Prior to EFM imaging, the peptide samples were 

deposited on Si/SiO2 substrates. The thickness of oxide layer was 300nm. 10 µL 

droplets of the peptide nanotubes suspended in the liquid solution were placed on the Si 

substrates and air dried over 12 hours. 

 

For EFM, the sample surface properties are electrical properties and the interaction 

force is the electrostatic force between the biased tip and sample. Nevertheless, one 

must be cautious that apart from the electrostatic force, the van der Waals forces 
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between the tip and the sample surface are always present78. The magnitude of these 

van der Waals forces change according to the tip-sample distance, and are therefore 

used to measure the surface topography. Hence, the obtained signal contains both 

information of surface topography (called ‘Topo signal’) and information of surface 

electrical property (called ‘EFM signal’) generated by the van der Waals and electrostatic 

forces41,78, respectively. Enhanced EFM (Ext)40 is used in this thesis to separate EFM 

signal from the entire signal. 

 

Atomic Force Microscopy 

20uL of assembled peptide solutions were diluted to desired concentrations and placed 

on a silicon chip (4’’ diameter diced silicon wafer (TedPella, Inc, Redding, CA) previously 

cleaned by sonication in methanol for 20min, for one minute at room temperature. 

Excess solution was removed with filter paper and the chip was rinsed with distilled H2O. 

Tapping mode analysis on a JEOL JSPM-4210 scanning probe microscope employed 

ultra-sharp non-contact silicon cantilevers (MikroMasch, Wilsonville, OR) with typical 

frequencies between 240 and 350 kHZ. Images were collected on dry samples.  

 

Histone Fluorescence Imaging 

Alexa Fluor® 488 histone H1 conjugate （H-13188, Life technologies）was dissolved in 

distilled H2O with 2mM sodium azide. Ac-(pY)LVFFAL-NH2 nanotube assemblies were  

pelleted at 13, 000 g and suspended in distilled H2O. CD and EFM confirmed peptides 

were still assembled as nanotubes after resuspension. 500µM Ac-(pY)LVFFAL-NH2 

nanotubes were mixed with 10μg/mL histone Alexa 488 and used for fluorescence 

imaging. Two-photon fluorescence images were acquired on a home built two-photon 

microscopes as described previously.79 All images were acquired with excitation at 780 

nm and detected using photomultiplier tubes (H7421) from Hamamatsu using a 200 nm 

Z-stack window. 

 

Isothermal Titration Calorimetry 

Isothermal titration calorimetry (ITC) experiments were performed using a Microcal VP-

ITC (Northampton, MA, USA). Histone H1 (21.5 kDa, H5505, Sigma) was dissolved in 

phosphate buffered saline (PBS, 10 mM, pH 7.4) and exhaustively dialyzed against PBS 

buffer for 24 hr at 4°C. Ac-(pY)LVFFAL-NH2  nanotubes were pelleted and washed 5 

times with protein dialysis buffer. All titrations were performed by overfilling the ITC cell 
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with approximately 1.5 mL of Ac-(pY)LVFFAL-NH2 nanotube solution. During a typical 

ITC titration, approximately 300 µL of the Histone H1 protein solution (2.25 μM) was 

added to the Ac-(pY)LVFFAL-NH2 nanotube solution (40 μM) in the micro-calorimeter 

cell in 30 increments delivered at 240 second intervals. All ITC experiments were 

performed in triplicate and at 25°C.  

 

Non-linear regression using equations characteristic  for a system exhibiting multiple 

sets of independent binding sites (one-site model) provided with the Microcal software 

yielded best fit parameters for K, ΔH and N, with:  

  
 

        
 

             

where K = binding constant, N = number of sites per peptide, V0 = active cell volume, Mt 

and [M] are bulk and free concentration of peptide in V0, Xt and [X] are bulk and free 

concentration of ligand (histone), and ʘ = fraction of sites occupied by histone. 

 

The total heat content Q of the solution contained in V0 at fractional saturation is:  

           

Solving equation above equations gives 

  
       

 
   

  

   
 

 

    
     

  

   
 

 

    
   

   

   
  

Analysis of calorimetric titration data is performed by estimating the variable model 

parameters (N, K and ΔH) by fitting to the cumulative heat Q, or to the individual heat, q 

(where the individual heat associated with the j-th injection event is qj such that qj = Qj- 

Qj-1).  

 

The number of binding sites per peptide, N, can be converted into the number of 

peptides per binding site = 
 

 
  . 

 

Fluorescence Polarization 

Fluorescence polarization was performed using fluoromax-3 spectrofluorometer (Horiba 

Jobin Yvon, Edison, NJ) with a polarizer accessory. A fixed concentration （0.0625 µM）

of Histone H1 from calf thymus, Alexa fluor 488 conjugate (Life technologies, H-13188) 
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dissolved in PBS buffer (10 mM pH 7.4) was mixed with varied concentration of Ac-

(pY)LVFFAL-NH2 nanotube solutions  and incubated for 30 min. Polarization readings 

typically stabilized within 20 min after mixing, (data not shown). Fractional occupancy, 

fB, is defined by using the equation: fB =(P-Pmin)/ΔP, where P is the measured 

polarization, ΔP(=Pmax-Pmin) is the total change in polarization. Kd was determined via 

the following equation80:  

  
                      

        

    
 

F: the fraction of bound labeled ligand (Histone H1) 

LST: total input concentrations of ligands (Histone H1) 

RT: total input concentrations of receptors ((K16pY)(E22L) assemblies) 

Kd: disassociation constant of the interaction. 
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Chapter 3 Generating Asymmetric Peptide Membranes 

Introduction 

Cellular membranes are phospholipid bilayers1. Essentially, two single layers of 

phospholipid, each leaflet consisting of polar head groups and nonpolar tails, aligned 

parallel in a symmetrical fashion2.  However, the cell membrane tends to have different 

composition on one side of the membrane than on the other side of the membrane, 

introducing a degree of asymmetry3 into what is essentially stochastic assembly. 

Asymmetric distributions exist across the membrane of living cells via spontaneous 

diffusion or active ATP-dependent translocation4. Such asymmetrical distributions leads 

to intrinsic membrane potential5 that governs a variety of biological phenomena including 

membrane bending, vesicle budding and photosynthesis et, al.6-8 Moreover, the 

asymmetric distribution of proteins to distinct domains in the plasma membrane is crucial 

to the function of many polarized cells9,10. Symmetry breaking events are widely seen in 

biology in response to external stimuli such as chemical gradients, electromagnetic fields 

and molecular signals11 and it’s often linked to functional diversification. In this chapter, I 

will present a symmetry breaking event that results simply from peptide self-assembly. 

By taking advantage of the charge-compensating leaflets interfaces, the asymmetric 

bilayer forms without any external stimulation.  

 

Results 

Model of Asymmetric Peptide Membranes 

Chapter 2 established that simple phosphorylated peptides assemble into robust bilayer 

membranes with long-range order that are morphologically similar to lipids but 

structurally distinct from the traditional lipid assemblies. Peptide Ac-KLVFFAE-NH2 and 

Ac-KLVFFAE-NH2 self assemble into homogeneous cross-β nanotubes bilayer with 

precisely patterned lysine and phosphotyrosine side chains exposed to the surfaces and 

each leaflet face respectively. Therefore, both of their outer and inner surfaces as well 

as the leaflet interface are highly charged. These highly charged patterned leaflets 

interface is passivated by counterions12 (trifluoroacetate and triethylammonium 

respectively), and probably the energy constrait of the self-assembly. Given the apparent 

energetic barrier at the leaflet interface and the effectiveness of ammonium/oxyacid 

inner leaflet stabilization, we explored (K16pY)(E22L) / (E22L) as co-assemblies to self-

passivate. The two possible models that would stabilize the interface include a 



 

61 
 

homogeneous leaflet, Figure 3-1G or a heterogeneous leaflet, Figure 3-1H. Remarkably, 

both models predict a loss of bilayer symmetry (Figure 3-1E and 3-1F) where the internal 

and external surfaces bare high densities of opposite charge. 

 

 

Figure 3-1 Model of asymmetric peptide membranes. Blue and red rectangular represent positive 

and negative charge residues respectively, blue and red circle represent counterions in the solvents 

respectively. Ac-KLVFFAL and Ac-pYLVFFAL peptides self-assembled into symmetric peptide 

membranes with positive (A) and negative charged surfaces (B) respectively with anti-parallel, out-

of-register registry (C) and (D). When they’re mixed for coassembly, two peptides arrangements are 

possible (G) homogeneous leaflets and (H) heterogeneous leaflets. Both arrangements can lead to 

charge separation on distinct surfaces (E) and (F). 

 

Preliminary Evaluation of Peptide Mixing 

This model was based on the assumption that K and pY can passivate each other at the 

interface. To test if the assumption is valid, peptide Ac-pYLVFFAK was assembled in 

40%MeCN/H2O at neutral pH. This peptide has the capacity to be zwitterionic to regulate 

charge compensation between the N-terminal and C-terminal residues. Ac-pYLVFFAK 

assembled into homogeneous nanotubes with β-sheet secondary structure (Figure 3-2 A 

and C). Fourier transform infrared spectra  (Figure 3-2 B) contained a strong amide I 

absorption band at 1623 cm−1, further supporting H-bonded β-sheet structures, and a 
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weak band at 1693 cm−1 consistent with antiparallel strand arrangements (Figure 3-2). 

The results suggested Ac-pYLVFFAK peptide exhibits similar peptide registry to Ac-

KLVFFAL and Ac-pYLVFFAL peptides, and an anti-parallel bilayer would place the N-

terminal phosphotyrosine passivating with the C-terminal lysine residues at the interface.  

 

 

 

Figure 3-2 Structural characterization for Ac-pYLVFFAK. (A) Circular Dichroism of Ac-pYLVFFAK 

assembled in 40% MeCN/H2O; (B) FT-IR of Ac-pYLVFFAK assemblies; (C) TEM micrograph for Ac-

pYLVFFAK assembled in 40% MeCN/H2O; (D)  Illustration model for Ac-pYLVFFAK peptide bilayer 

registry. 

 

Next, I conducted preliminar mixing experiments by mixing the two mature nanotubes. In 

the presence of TFA and TEAA respectively, the Ac-KLVFFAL and Ac-pYLVFFAL 

peptides exhibited CD ellipticity from day 1 and assembled into mature nanotubes within 
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1-2 weeks. Pelleting and suspending the two assemblies together in 40% CH3CN/H2O 

gave immediate disassembly; in less than one hr, the elipticity at 202nm and 225nm 

increased markedly and grew to give a stronger signature than neat K or pY nanotubes 

(Figure 3-3). These results suggested that the Ac-KLVFFAL and Ac-pYLVFFAL peptides 

are able to mix and assemble into new structures that accumulate stronger β-sheets 

giving enough time. Judging by the disassembly upon mixing of these tubes, there might 

be bundling and repulsive events during early time period. To eliminate the initial 

bundling and repulsive events, the two peptides monomers will be co-assembled in the 

next step.   
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Figure 3-3 Circular Dichroism of matured Ac-KLVFFAL (black) and Ac-pYLVFFAL (red) nanotubes. 

The two matured nanotubes assemblies were pelleted and suspended together in 40% MeCN/H2O 

and monitored ellipticity at 1min, 5mins, 20 mins, 30 mins, 4hrs and 24 hrs. 

 

Structural Characterization of the Co-Assembly 

Ac-KLVFFAL and Ac-pYLVFFAL peptides powders were treated by HFIP to eliminate 

any preformed aggregates and co-assembled in 40% MeCN/H2O, neutral pH. The co-

assemblies require at least 3 days to develop measurable elipticity minimum at 225 nm, 

most consistent with β-sheets (Figure 3-4). Homogeneous micrometer long nanotubes 

dominate the assembly after 3-6 weeks, and FT-IR of the co-assemblies shows amide I 
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stretches at 1623 cm-1 and a weaker band at 1693 cm-1 (Figure 3-5), both typical of 

antiparallel β-sheets. Powder X-ray diffraction (XRD) reflections at 4.7 and 10.6 Å are 

characteristic of β-strand and β-sheet reflections (Figure 3-6), but the lamination 

distance is slightly larger than neat Ac-KLVFFAL and Ac-pYLVFFAL nanotubes (~10.2 

Å). Atomic force microscopy (AFM) measurements of the height of twice of the tube wall 

thickness is 7.045 nm (Figure 3-7), slightly smaller than that of E22L and (K16pY)(E22L) 

tubes which are ~8nm consistent with a ~4nm thick tube wall.  While such 1nm 

difference could still be within error, it could also be the differences in the interface 

created by oppositely-charged peptides that are packed closer than same-charged 

peptides.  
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Figure 3-4 Circular Dichroism of Ac-KLVFFAL assembled in 40% MeCN/H2O with TFA (blue), Ac-

pYLVFFAL in 40% MeCN/H2O with TEAA (red) and coassemblies  in 40% MeCN/H2O (black) at 4°C. 
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Figure 3-5 FT-IR spectra of Ac-KLVFFAL assembled in 40% MeCN/H2O with TFA (blue), Ac-

pYLVFFAL in 40% MeCN/H2O with TEAA (red) and coassemblies in 40% MeCN/H2O (black) at 4°C. 
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Figure 3-6 X-ray powder diffraction of coassemblies of Ac-KLVFFAL and Ac-pYLVFFAL peptides in 

40% MeCN/H2O at 4°C, showing reflections at d-spacings of 4.7 Å and 10.6 Å. 
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Figure 3-7 Atomic force microscopy height measurements of coassembled Ac-KLVFFAL and Ac-

pYLVFFAL peptides as nanotubes in 40% MeCN/H2O at 4°C. The measured heights from top to 

bottom are 7.022, 6.218, 8.288, 6.005, 7.693 nm respectively, and an average of height measurement 

is 7.045 nm. 
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Thermal Studies of the Co-Assembly 

The fact that co-assemblies took longer time to mature and had stronger ellipticity is 

more consistent with the formation of new structures than self-sorting of the two original 

species. Thermodynamic stability provides clear physical evidence of homogeneous co-

assembly. Melting profiles were generated by monitoring CD ellipticity at 225nm, the 

amide transition dipole, as a function of temperature. The resulting melting profiles were 

fit to the sigmoidal form of the Boltzmann equation (Equation 3-1), a melting temperature, 

Tm, and a measure of melting cooperativity reflected in the slope k. Each assembly 

displays a cooperative melting transition; however the melting temperatures (Tm) were 

different. Under the assembly condition (40% MeCN/H2O), only Ac-KLVFFAL nanotubes 

melted at 57.6 °C, before the evaporation of the solvent acetonitrile (80 °C) (Figure 3-8). 
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Figure 3-8 CD melting profiles for Ac-KLVFFAL peptide nanotubes formed in 40% MeCN/H2O at 4 °C. 

Ellipticity at 225 nm was ploted over temperature (2 °C/min). The melting curve was fit to y=-0.4729+ 

(-34.3734+0.4729)/ (1+exp ((T-48.4598)/ 15.5563)), corresponding to a melting point of 48.5 ± 15.6 °C. 
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Ac-pYLVFFAL nanotubes remained stable in 40% and 50% MeCN/H2O before the 

temperature reached 80 °C (See methods). When the nanotubes were pelleted and 

resuspended at higher percentage of MeCN (60%, 70% and 80% respectively), melting 

was observed with Tm’s of 47.6, 41.6 and 25.9 °C respectively (Figure 3-9). Similar to a 

denaturing process, Tm decreases with increasing organic solvent. Interestingly, melting 

temperatures shows a linear relationship with the hydrophobicity (Figure 3-10) and the 

dielectric constant (Figure 3-11) of the organic solvent. As a consequence, melting 

temperature of nanotubes in 40% and 90% MeCN/H2O can be estimated (Table 3-1).  
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Figure 3-9 CD melting profiles for Ac-pYLVFFAL peptide nanotubes formed in 40% MeCN/H2O at 4℃ 

and resuspended in 60% (black), 70% ( red) and 80% (blue) MeCN/H2O respectively. E Ellipticity at 

225 nm was ploted over temperature (2 °C/min). The melting curve for nanotubes in 60% MeCN H2O 

was fit to the equation y=0.0036+(-0.9853-0.0036)/(1+exp((T-47.6493)/5.8079)),  corresponding to a 

melting point of 47.6±5.8 ℃. The melting curve for nanotubes in 70% MeCN/H2O was fit to the 

equation y=-0.0284+(-1.0651+0.0284)/(1+exp((T-41.6053)/5.5344)), corresponding to a melting point of 

41.6±5.5 ℃.  The melting curve for nanotubes in 80% MeCN/H2O was fit to the equation y=-0.0012+(-

1.0698+0.0012)/(1+exp((T-25.8740)/6.3733,  corresponding to a melting point of 25.9±6.4. 
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Figure 3-10 Melting temperature of Ac-pYLVFFAL in 60%, 70% and 90% MeCN/H2O plot vs 

hydrophobicity of the solvent. 
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Figure 3-11 Melting temperature of Ac-pYLVFFAL in 60%, 70% and 90% MeCN/H2O plot vs dielectric 

constant of the solvent. 
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Table 3-1 Melting temperature of Ac-pYLVFFAL at different solvent conditions. 

% of 

MeCN/H2O 

Hydrophobicity 

(log P) 

Melting 

temperature (°C) 

Dielectric 

constant 

Melting 

temperature 

(°C) 

40 1.79934  68.1 * 63 71.3 * 

60 1.7365 48 54.6 48 

70 1.70114 41 50.25 41 

80 1.66276 26  * 46 26 * 

90 1.62066 14.5 41.75 16.3 

*Calculated from plots of temperature vs hydrophobiciy and temperature vs dielectric 

constant 

 

Peptides co-assemblies remained stable in 70% and 80% MeCN/H2O before 80 °C (See 

methods). They melt when resuspended in 90% MeCN/H2O at 52 °C (Figure 3-12). 
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Figure 3-12 CD melting profiles for Ac-KLVFFAEL and Ac-pYLVFFAL coassemblies formed in 40% 

MeCN/H2O at 4 °C and resuspended in 90% MeCN/H2O. The melting curves were fit to the equation 

y=0.6409+(-23.4538-0.6409)/(1+exp((T-51.9535)/10.2994)),  corresponding to a melting point of 52 ± 

10.3 °C. 
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Melting temperature of Ac-KLVFFAL and Ac-pYLVFFAL nanotubes in 40% MeCN/H2O 

are comparable (Table 4-2), Ac-pYLVFFAL nanotubes melting profiles are generally 

more cooperative than that of Ac-KLVFFAL nanotubes, which may suggest more 

homogeneous Ac-pYLVFFAL assemblies. Comparison of Tm of Ac-pYLVFFAL and co-

assemblies at 90% MeCN/H2O, which are 15.4 and 52 °C respectively (Table 4-2), 

demonstrate greater thermal stability for the co-asemblies than either Ac-KLVFFAL or 

Ac-pYLVFFAL assemblies. 

 

Table 3-2 Summary of melting temperature of Ac-KLVFFAL, Ac-pYLVFFAL and co-assemblies at 

different solvents conditions. 

Sample Melting condition Melting temperature 

Ac-KLVFFAL  40% MeCN/H2O 48.5 ± 15.6 

Ac-pYLVFFAL 40% MeCN/H2O 69.7 ± 1.6* 

Ac-pYLVFFAL 60% MeCN/H2O 47.6 ± 5.8 

Ac-pYLVFFAL 70% MeCN/H2O 41.6 ± 5.5 

Ac-pYLVFFAL 80% MeCN/H2O 25.9 ± 6.4 

Ac-pYLVFFAL 90% MeCN/H2O 15.4 ± 1* 

Ac-KLVFFAL and Ac-pYLVFFAL 

co-assemblies 

90% MeCN/H2O 52 ± 10.3 

* Calculated from average of melting temperatures from plots of temperature vs 

hydrophobiciy and temperature vs dielectric constant 

 

Surface Charge Evaluation via Salt Bundling 

The co-assembly model predicts the outer surface of the mixed assembly would display 

high charge density and salt-induced aggregation should evaluate the charge of the 

nanotube surfaces. As shown in Figure 3, nanotube bundling follows the Hofmeister 

series, with SO4
2- bundling (E22L) nanotubes and not (K16pY)(E22L) nanotubes13, with 

Mg2+ only bundling the (K16pY)(E22L) nanotubes. Under these conditions, the mixed 

assemblies only bundle in the presence of Mg2+, confirming that negatively-charged 

surfaces are exposed to solvent (Figure 3-13). 
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Figure 3-13 Transmission electron microscopy micrographs of salt-induced bundling of (E22L) (top), 

(K16pY)(E22L) (middle) and mixed peptides (bottom) nanotubes:(A, D and G) without additional salts, 

(B, E and H) 2 h after the addition of Na2SO4, and (C, F and I) 2 h after the addition of MgCl2. 

Peptide:salt molar ratio of 1:4.5 and scale bars of 200 nm. 

 

Surface Charge Evaluation via Electrostatic Force Microscopy 

Enhanced-electrostatic force microscopy (EFM) allows the charge distribution to be 

mapped at higher resolution. The topographical and EFM amplitude images of the co-

assembled Ac-KLVFFAL and Ac-pYLVFFAL peptides show a 1:1 correspondence, and 

all the nanotubes being strongly attractive (dark) along the entire length of each 

assembled nanotube (Figure 3-14), suggesting that the co-assemblies have 

homogeneous negative outer surfaces. At early points in assembly, i.e., 10min, the 

amorphous aggregates show positive, negative and neutral domains (Figure 3-15). 

These slowly mature to nanotubes during the first 20 days with a few particles remaining 
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on the surface of nanotubes and after 7 weeks, only nanotubes are observed (Figure 3-

15). 

 

Figure 3-14 Topography (left) EFM amplitude (middle) and EFM phase micrographs (right) of Ac-

KLVFFAL and Ac-pYLVFFAL peptides co-assemblies in 40% MeCN/H2O, DC bias  +1 V. In the EFM 

amplitude micrographs, positively charged surfaces are white and negatively charged surfaces are 

dark. Bottom images are zoomed in Figures of top images. 
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Figure 3-15 Topography (left) and EFM amplitude micrographs (right) of Ac-KLVFFAL and Ac-

pYLVFFAL peptides co-assemblies in 40% MeCN/H2O over time, DC bias  +1 V. In the EFM amplitude 

micrographs, positively charged surfaces are white and negatively charged surfaces are dark. 

 

Peptide Registry Characterization via Solid-State REDOR NMR 

EFM and salt bundling results narrow the surface charge models to model F (Figure 3-1). 

However, surface charge characterization does not differentiate between the two 

structural models (Figure 3-1G and H). Provided anti-parallel, out-of-register peptide 

registry, the two peptides can either form homogeneous or heterogeneous leaflets. To 

further characterize peptide registry in the co-assemblies, 13C and 15N enriched peptides 
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KLVFF[1-13C]AL and pYL[15N]VFF[3-13C]AL were synthesized and co-assembled to be 

analyzed by solid-state REDOR NMR. If the peptides are arranged as homogeneous 

leaflets model, then there will be only [3-13C]A and [15N]V coupling (Figure 3-16 left). 

Likewise, only [1-13C]A and [15N]V coupling will be observed if the peptides are arranged 

as heterogeneous leaflets model (Figure 3-16 right). By plotting REDOR as ΔS/S0, the 

plateau (max dephasing) is directly related to the number of spins that are coupled (See 

methods). Therefore, if both models are exist then the models partition will be reflected 

by experimental REDOR curve fittings, too.  

 

 

 

Figure 3-16 REDOR-NMR enrichment scheme for assessment of two models: homogeneous leaflets 

and heterogeneous leaflets. Red circle represents [
15

N] enriched Valine in Ac-pYLVFFAL, green 

circle represents [3-
 13

C] enriched Alanine in Ac-pYLVFFAL and blue circle represents [1-
 13

C] 

enriched Alanine in Ac-KLVFFAL. [3-
13

C]A-[
15

N]V coupling reports on homogeneous leaflets and [1-

13
C]A-[

15
N]V coupling reports heterogeneous leaflets. 

 

Integration of the alanine 13CH3 resonance to the carbonyl 13C resonance of the co-

assemblies, with attendant sidebands, gave a pY:K peptide ratio in the assembly of 0.62  

(See methods). Our previous results with neat assemblies14,15 as well as chapter 2 have 
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established 13C{15N}REDOR dephasing for the alanine 13CO surrounded by two 15N, one 

of them is intermolecular H-bonded, has two 13C-15N distances with a defined 

internuclear angle. The experimental 13CO dephasing of the co-assemblies  (Figure 3-17) 

roughly fit to the dephasing curve of neat Ac-KLVFFAL assemblies. However, the 

dephasing curve of the neat Ac-KLVFFAL assemblies needs to be scaled down to 63% 

to capture the trends at plateu, suggesting there are only 63% of the 13CO are 

surrounded by two 15N. Therefore, 63% of the K peptides are hydrogen-bonded and 

adjacent to two pY peptides. The rest of the 37% of the K peptides must not adjacent to 

any pY peptides. Although the dephasing curve of the neat K assemblies captured the 

general shape of the co-assemblies data, it does not match all the data points within 

error. It suggested that the K peptide is assembled in two different environments and 

only partial of the 13CO is coupled with 15N. We argue that such fitting does not account 

for mutations in the propagation of the co-assembled peptide population already seen in 

other cross-β assemblies16. Considering the heterogeneity in a co-assembly system, the 

alanine 13CO of K peptide could be surrounded by two 15N of pY peptide, or the alanine 

13CO of K peptide could be surrounded by one 15N of pY peptide and 14N of K peptide. 

Such interruption in the propagation pattern introduces a 2-spin contribution into the 

infinite repeat represented by the 3-spin fit (See methods). When the angle and distance 

of the 13CO and 15N (14N) are constrained, summation of all 3-spin and 2-spin 

contributions will fit the experimental data (Figure 3-18 and Figure 3-19).  
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Figure 3-17 The 
13

C{
15

N}REDOR dephasing data points (blue) of co-assembled Ac-KLVFFAL and Ac-

pYLVFFAL, compared to  
13

C{
15

N}REDOR dephasing curve (black) of neat Ac-KL[
15

N]VFF[
13

C]AL fits 

to 
13

C-
15

N distances of 4.32 and 5.28 Å a 
15

N-
13

C-
15

N internuclear angle of 155°. 

 

The dephasing of 1-13C{15N}REDOR is shown in Figure 3-18, 65% of the [1-13C]A, which 

reports on K peptides  (Ac-KLVFF[1-13C]AL-NH2), are proximal to a 15N containing pY 

peptide, and best fits are obtained with 45.4±4.7% of the K-peptides in extended 3-spin 

arrangements and 18.7±6.9% in 2-spin arrangements, and this leaves the rest of 

35.4±7.0% K peptide 13C do not dephase. The 3-spin and 2-spin arrangements of [1-13C] 

are corresponding to heterogeneous leaflets, while the no dephasing arrangement is 

consistent with homogeneous leaflet.  
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Figure 3-18 The 1
-13

C{
15

N}REDOR dephasing fits to summation of 3-spin and 2-spin systems. 

13
C{

15
N}REDOR dephasing fits to 

13
C-

15
N distances of 4.32 and 5.3 Å a 

15
N-

13
C-

15
N internuclear angle 

of 155°. 

 

Figure 3-19 shows the 3-13C{15N}REDOR dephasing of the methyl carbon resonance, 

which reports on the pY peptides (Ac-KL[15N]VFF[3-13C]AL-NH2). Best fits are obtained 

with 27.0±2.4% of the pY-peptides are in a 3-spin arrangement and 46.3±3.0% in 2-spin 

arrangements, and this leaves the rest of 26.7±3.8% pY peptide 13C do not dephase. 

The 3-spin arrangements of [3-13C] are corresponding to homogeneous leaflets, while 

the 2-spin and no dephasing arrangements are consistent with heterogeneous leaflets. 
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Figure 3-19 The 3
-13

C{
15

N}REDOR dephasing fits to summation of 3-spin and 2-spin systems. 

13
C{

15
N}REDOR dephasing fits to 

13
C-

15
N distances of 5.2 and 5.3 Å a 

15
N-

13
C-

15
N internuclear angle of 

127°. 

 

Peptide Interfaces Analysis 

The 1-13C{15N} and 3-13C{15N} REDOR dephasing results are summarized in Figure 3-20. 

There is 35.4±7.0% of the K peptides arranged in homogeneous leaflets, in 

correspondence 27.0±2.4% of the pY peptides are arranged in homogeneous leaflets. 

Take into the K and pY peptides ratio of 0.62 into consideration; the numbers of K 

peptides that are arranged in homogeneous leaflets are about 1:1 with the numbers of 

pY peptides that are arranged in homogeneous leaflets (35.4±7.0%*0.62=22.0±4.4%, 

equal to 27.0±2.4% within error), suggesting the existence of homogeneous bilayers. 

Moreover, 45.4±2.4% of the K peptides and 26.7±3.8% of the pY peptides are arranged 

as alternating repeats under the category of heterogeneous leaflets. The numbers of K 

and pY peptides that are arranged as alternating repeats are matched as 1:1 within error 

(45.4±2.4%*0.62=28.1±2.9%, equal to 26.7±3.8% within error), revealed the formation of 
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heterogeneous leaflets by alternating repeats of K and pY peptides. Interestingly, 

REDOR NMR measurements revealed that certain amounts of peptides formed non-

alternating repeats as heterogeneous leaflets and more pY peptides are falling into this 

category than K peptides could be an indication of more robust thermodynamic stability 

or self-assembly propensity of pY peptide than K peptide.  

 

Figure 3-20 Peptide leaflets analysis of Ac-KLVFFAL and Ac-pYLVFFAL co-assemblies. 

 

In summary, the three types of leaflets can form three different bilayers based on surface 

charge characterization and solid-state NMR results (Figure 3-21): homogeneous 

bilayers consisted of K homogeneous leaflets and pY homogeneous leaflets; 

heterogeneous bilayers consisted of alternating repeats of K and pY peptides; and 

heterogeneous bilayers consisted of non-alternating repeats of K and pY peptides. The 

first two bilayer domains will give asymmetric peptide membranes with distinct charges 

on inner and outer surfaces. The third bilayer domain will form symmetric peptide 

membranes with same negative charges on inner and outer surfaces. This results is 

consistent with the fluorescence imaging analysis (see chapter 4) where both positively-

charged and negatively-charged surfaces were observed in the co-assemblies. 
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Figure 3-21 Peptide domains analysis of Ac-KLVFFAL and Ac-pYLVFFAL co-assemblies. 

 
Domain Segregation Built upon Cross-Seeding  

Although solid-state REDOR NMR successfully decipherd the partition of domain 

segregation on peptide nanotube surfaces, it is unclear where these domains exist, and 

how they form. It is intriguing whether the different domains are reflecting different 

nanotubes resulting from distinct nucleation events or mutations accumulate during 

nucleation step and propagate distinct domain architectures within single tubes. In fact, 

we have found some evidence with domains on single tubes in the co-assemblies 

(Figure 3-22). If domains can exist on single tubes, then the K and pY peptides must be 

able to propagate upon each other’s nucleation domains to give heterogeneous leaflets. 

To test whether K and pY peptides can propogate with each other’s nucleation domains, 

cross-seeding experiments were performed.  
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Figure 3-22 TEM micrographs of domain observed on single tubes in the co-assemblies shown by 
the red arrow. 

 

Peptide nanotube seeds were prepared by sonicating one sample of mature nanotubes 

for 3 hours to nanotubes fragments and added to the other peptide monomers. Figure 3-

23 showed CD of the K peptide monomers seeded by K, pY and mix nanotubes over 1, 

4, 7 and 11 days. Figure 3-24 showed CD of the pY peptide monomers seeded by K, pY 

and mix nanotubes 1, 4, 7 and 11 days. All seeded samples have much higher ellipticity 

than K peptide monomers alone (2-7 times larger on day 11), and higher than a sum of 

seeds and monomers. Therefore K, pY and co-assemblies are able to cross-seed each 

other, although seeding efficiencies are different. Co-assembly nanotubes seeds seem 

to accelerate the assemblies the most: Co-assembly nanotubes seeded K monomers 

have 2.2 times increases in ellipticity from day 1 to day 4, and Co-assembly nanotubes 

seeded pY monomers have 4 times increases in ellipticity from day 1 to day 4. K  

nanotubes seeded K monomers, pY tnanoubes seeded K monomers, K nanotubes 

seeded pY monomers and pY nanotubes seeded pY monomers only have 1.2, 2.6, 2 

and 1.2 times increases in ellipticity respectively from day 1 to day 4. All assemblies 

remained relatively stable from day 4 to day 11. It’s likely that cross-seeding partially 

bypasses the nucleation step but has little effect on tube elongation or cross-seeding 

only moderately affects the nucleation rate while significantly enhancing the growth of 

nanotubes from existing nuclei. The ability of peptides to interact with peptides of 

dissimilar sequences suggests cross-seeding may be a more general phenomenon.  
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Figure 3-23 Circular Dichroism on day1 (A), 4 (B), 7 (C) and 11 (D) of Ac-KLVFFAL nanotubes as 

seeds for Ac-KLVFFAL monomers (black), Ac-pYLVFFAL nanotubes as seeds for Ac-KLVFFAL 

monomers (red), Ac-KLVFFAL and Ac-pYLVFFAL coassembled into nanotubes as seeds for Ac-

KLVFFAL monomers (blue), Ac-KLVFFAL monomers (purple), Ac-KLVFFAL nanotubes seeds (green), 

Ac-KLVFFAL nanotubes seeds (yellow), Ac-KLVFFAL and Ac-pYLVFFAL coassembled into 

nanotubes seeds (magenta). Maximum ellipticity at 227 nm was plotted over time for the seeding 

samples in (E). Seeds vs monomer concentration ratio equals 1:9 (10% seed). 
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Figure 3-24 Circular Dichroism on day1 (A), 4 (B), 7 (C) and 11 (D) of Ac-KLVFFAL nanotubes as 

seeds for Ac-pYLVFFAL monomers (black), Ac-pYLVFFAL nanotubes as seeds for Ac-pYLVFFAL 

monomers (red), Ac-KLVFFAL and Ac-pYLVFFAL coassembled into nanotubes as seeds for Ac-

pYLVFFAL monomers (blue), Ac-pYLVFFAL monomers (purple), Ac-KLVFFAL nanotubes seeds 

(green), Ac-KLVFFAL nanotubes seeds (yellow), Ac-KLVFFAL and Ac-pYLVFFAL coassembled into 

nanotubes seeds (magenta). Maximum ellipticity at 225 nm was plotted over time for the seeding 

samples in (E). Seeds vs monomer concentration ratio equals 1:9 (10% seed). All nanotubes seeds 

were sonicated for 3 hr before adding to peptide monomers. 

 



 

85 
 

K and pY tubes show similar negative stained contrast by TEM when they are stained by 

uranyl acetate on separate grids (Figure 3-25 A and B). Interestingly, when K and pY 

tubes are stained by uranyl acetate on a same grid sequentially (i.e. K nanaotube are 

dried on EM grid followed by application of pY tubes on the same grid and then stain the 

grid with uranyl acetate) (Figure 3-25 C), pY nanotubes are stained relatively positive 

compared to the negatively stained K nanotubes, probably due to uranyl acetate’s 

crystallization on the phosphate surfaces. To confirm the staining contrast is caused by 

uranyl acetate’s crystalline precipitation, a same grid was prepared and stained by 

methylamine tungstate, another commonly used stain that does not crystallize with 

phosphate. No staining contrast was observed (Figure 3-26). The ability of uranyl 

acetate to stain differently toward K and pY peptide nanotubes provides a convenient 

strategy to analyze domains on single nanotubes.  

 

 

Figure 3-25 TEM micrographs of (A) Ac-KLVFFAL nanotubes, (B) Ac-pYLVFFAL nanotubes, (C) Ac-

KLVFFAL and Ac-pYLVFFAL nantubes applied on a same grid sequencially. Scale bar 200nm. 

Stained by uranyl acetate. 
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Figure 3-26 TEM micrographs of (A) Ac-KLVFFAL nanotubes, (B) Ac-pYLVFFAL nanotubes, (C) Ac-

KLVFFAL and Ac-pYLVFFAL nantubes applied on a same grid sequencially. Scale bar 200nm. 

Stained by methylamine tungstate. 

 

Figure 3-27 A and B show TEM of K and pY nanotubes seeds prepared by sonication 

with lengths vary from 200 to 400 nm. When K and pY peptide monomers were seeded 

by K and pY nanotubes (10% seed), the assembled nanotubes were homogeneous from 

one end to the other with uranyl acetate stain (Figure 3-27 C and D). However, when K 

and pY peptide monomers were cross-seeded with pY and K nanotubes (10% seed) 

respectively, the assembled nanotubes contain segregated segments with opposite stain 

from the rest of the nanotubes (Figure 3-27 E and F).  
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Figure 3-27 TEM micrographs of (A) Ac-KLVFFAL nanotubes seed, (B) Ac-pYLVFFAL nanotubes 

seed (C) Ac-KLVFFAL nanotubes seed Ac-KLVFFAL monomer, (D) Ac-pYLVFFAL nanotubes seed 

Ac-pYLVFFAL monomer, (E) Ac-KLVFFAL nanotubes seed Ac-pYLVFFAL monomer, (F) Ac-

pYLVFFAL nanotubes seed Ac-KLVFFAL monomer. Arrows point out the domain structures with 

drastic contrast of the rest of the tubes. Seeds vs monomer concentration ratio equals 1:9 (10% 

seed). All nanotubes seeds were sonicated for 3 hr before adding to peptide monomers.Scale bar 

200nm. 

 

To confirm that the oppositely stained domains are oppositely charged from the rest of 

the nanotube, negatively-charged gold nanoparticles were added to the K tubes 10% 

seeded pY peptides sample. TEM (Figure 3-28) showed that the negatively-charged 

gold nanoparticles bind specifically to segments of the tubes, consistent with the 

hypothesis that the domains are K nanotubes seeds and the rest of the tubes are 

composite of pY peptide monomers. Similar growing pattern in fibers cross-seeding is 

known as epitaxial heteronucleation 17,18, growth occurs by specific structural matching 

between oligomeric protofibrilar aggregates and the seeding nucleus19,20. In fact, cross-

seeding between amyloid proteins is most efficient when the two proteins have 

homologous sequences20. This ability to add either K or pY peptide onto either template 

supports the model that during propagation, mutations occur in co-assembly that initiate 

a new domain structure (Figure 3-29).  
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Figure 3-28 TEM micrograph of Ac-KLVFFAL nanotubes seed Ac-pYLVFFAL monomer + negatively-

charged AuNPs. Peptide vs AuNPs concentration ratio is 1:12. 
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Figure 3-29 Concept illustration of cross-seeding mechanism. Arrow represent preformed β-sheet 

and circle represent peptide monomers. Blue is consistent with positively-charged K sheet and red 

is consistent with negatively-charged pY sheet. 

 

If propagation mutation mechanism is true, then the co-assembly nanotube seeds 

should provide more robust templates with already propogated mutations. CD suggested 

that when seeded by coassemblies, both K and pY peptide assembled faster (Figure 3-

23 and 3-24). Remarkbly, TEM (Figure 3-30 and 3-31) presented the existence of 

multiple segments stained oppositely from the rest of the tube, wheras only 1-2 

segments were observed on every single tube when K and pY are cross-seeded.  
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Figure 3-30 TEM micrograph of Ac-KLVFFAL peptides seeded with co-assembled peptide nanotubes. 

(A) Scale bar 1000nm, (B) scale bar 200nm. Arrows indicate the domain structures with drastic 

staining contrast compare to the rest of the tubes. 
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Figure 3-31 TEM micrograph of Ac-pYLVFFAL peptides seeded with co-assembled peptide 

nanotubes. (A) Scale bar 1000nm, (B) scale bar 200nm. Arrows indicate the domain structures with 

drastic staining contrast compare to the rest of the tubes. 

 

When only one type of peptide monomer exists in solution, epitaxial heteronucleation 

dominates as peptides can be cross-seeded by different sequences consistent with them 

sharing homogeneous structures. What about when there are two types of peptide 

monomers exist in solution? Will peptide monomers be seeded selectively or will 

peptides form new oligomeric particles before being seeded? To answer this question, K 

nanotubes, pY nanotubes and coassembled nanotube seeds were prepared to seed 1:1 

mixed K and pY peptide monomers. Kinetic results are shown in Figure 3-32 and Figure 

3-33. It takes longer for the mixed peptides to grown mature (around day 45) than K or 

pY peptides alone (around day 7).  

 

All seeded samples have higher ellipticity than mixed peptides alone (2-6 times higher 

on day 45), and the ellipticity of seeded samples is not a sum of seeds and monomers, 

demonstrating that that K, pY and mix assemblies are able to cross-seed each other. CD 

of coassembled K and pY peptides without seeds has a shoulder peak at 220 nm that 

disappeares around day 45 (Figure 3-33). The 220nm shoulder could be the result of 
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disordered oligomer assemblies or particle-like aggregates implicated as nucleation and 

propagation centers21. However, when mixed K and pY peptides were seeded by 

coassembled nanotubes, the shoulder around 220 nm disappeares aound day 6. The 

seeds very likely bypass or speed up the nucleation and propagation step.  

 

Seeding efficiencies are distinct with different seeds.Peptides seeded by coassembled 

tubes showed the largest change in CD spectrum (8.7 times) from day 1 to day 6, while 

peptides seeded by K tubes only increased 3.7 times and peptides seeded by pY tubes 

remain constant from day 1 to day 6 (Figure 3-32). Peptides seeded by K or pY tubes 

reach a CD ellipticity maximum at day 6. However, the CD ellipticity of peptides seeded 

by coassembled tubes continued to grow after day 6 until a maximum was reached 

around day 30, suggesting that there are multiple nucleation events or mutations during 

propagation.   
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Figure 3-32 Circular Dichroism on day1 (A), 6 (B), 18 (C), 30 (D) and 45 (E) of Ac-KLVFFAL nanotubes 

as seeds for Ac-KLVFFAL and Ac-pYLVFFAL mixed monomers (black), Ac-pYLVFFAL nanotubes as 

seeds for Ac-KLVFFAL and Ac-pYLVFFAL mixed monomers (red), Ac-KLVFFAL and Ac-pYLVFFAL 

coassembled into nanotubes as seeds for Ac-KLVFFAL and Ac-pYLVFFAL mixed monomers (blue), 

Ac-KLVFFAL and Ac-pYLVFFAL mixed monomers (purple), Ac-KLVFFAL nanotubes seeds (green), 

Ac-KLVFFAL nanotubes seeds (yellow), Ac-KLVFFAL and Ac-pYLVFFAL coassembled into 

nanotubes seeds (magenta). Maximum ellipticity at 225 nm was plotted over time for the seeding 
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samples in (E). Seeds: monomer concentration ratio 1:9 (10% seed). All nanotubes seeds were 

sonicated for 3 hr before adding to peptide monomers. 
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Figure 3-33 Circular Dichroism of  (A) Ac-KLVFFAL and Ac-pYLVFFAL mixed monomers, (B) Ac-

KLVFFAL nanotubes as seeds for Ac-KLVFFAL and Ac-pYLVFFAL mixed monomers, (C) Ac-

pYLVFFAL nanotubes as seeds for Ac-KLVFFAL and Ac-pYLVFFAL mixed monomers, (D)Ac-
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KLVFFAL and Ac-pYLVFFAL coassembled into nanotubes as seeds for Ac-KLVFFAL and Ac-

pYLVFFAL mixed monomers Ac-KLVFFAL nanotubes as seeds for Ac-KLVFFAL and Ac-pYLVFFAL 

mixed monomers. Maximum ellipticity at 225 nm was plotted over time for the seeding samples in (E). 

   

TEM micrographs of K, pY and coassembled nanotubes seed mixed K and pY peptides 

were shown in Figure 3-34. Homogeneous nanotubes dominate all 3 samples. However, 

in some images of peptides seeded by K or pY tubes, there are negatively and positively 

stained nanotubes, presumably pure K and pY nanotubes. Therefore, both self-seeding 

and cross-seeding could have taken place when mixed K and pY peptides were seeded 

by coassembled tubes.  

 

Figure 3-34 TEM micrograph for (A) Ac-KLVFFAL nanotubes as seed for mixed Ac-KLVFFAL and Ac-

pYLVFFAL peptide monomers, (B) Ac-pYLVFFAL nanotubes as seed mixed Ac-KLVFFAL and Ac-

pYLVFFAL peptide monomers, (C) Ac-KLVFFAL and Ac-pYLVFFAL mix peptides coassembled as 

nanotubes as seeds for Ac-pYLVFFAL peptide monomers. Scale bar 200nm. 

 

Exploit Surface Charge Distribution and N-terminal Residue Sizes 

Phosphotyrosine residues dominate outer surfaces in coassembly of Ac-KLVFFAL and 

Ac-pYLVFFAL peptides. I hypothesize that it’s because phosphotyrosine is larger than 

lysine residue, hence they’re preferable to be exposed on outer surfaces with larger 

radius and smaller curvature. To test this hypothesis, phosphotyrosine is replaced by 

negatively charged glutamic acid with smaller size. Coassembled Ac-KLVFFAL and Ac-

ELVFFAL form homogeneous nanotubes in 40% MeCN/H2O (Figure 3-35) and exhibits 

ellipticity minimum at 227 nm (Figure 3-36), a signature diagnostic of β-strands. Thermal 

melting profiles of Ac-ELVFFAL nanotubes (Figure 3-37) showed a cooperative melting 
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curve fitted to the equation y=3.4972+(-66.2539-3.4972)/(1+exp((T-57.6199)/13.73808)), 

corresponding to a melting point of 57.6 ± 13.7 °C. The coassembled Ac-KLVFFAL and 

Ac-ELVFFAL (Figure 3-38) maintains stable until the tube pellets were resuspended in 

70% MeCN/H2O. The melting curve was fit to the equation y=-9.303+ (-

16.0809+9.303)/(1+exp((T-66.9284)/3.7767)), corresponding to a melting point of 55.9 ± 

3.8. According to thermal stability studies in chapter 2, melting point decreases with 

higher percentage of MeCN. Therefore, the co-assemblies are much more stable then 

each peptide assemblies alone. The coassembled Ac-KLVFFAL and Ac-ELVFFAL 

system is similar to coassembled Ac-KLVFFAL and Ac-pYLVFFAL system in terms of 

thermal stability. However, the coassemblies Ac-KLVFFAL and Ac-ELVFFAL presented 

a homogeneous positive outer surfaces by EFM (Figure 3-39), suggested that lysine 

residues dominate outer surface. It’s amazing that a simple switch on the residue side 

chain could switch the surface charges distribution.  

 

 

Figure 3-35 TEM micrograph of (A) Ac-KLVFFAL in 40% MeCN/H2O with TFA, (B) Ac-ELVFFAL in 40% 

MeCN/H2O with TEAA, (C) mixed Ac-KLVFFAL and Ac-ELVFFAL assembled as nanotubes in 40% 

MeCN/H2O. 
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Figure 3-36 Circular Dichroism of Ac-KLVFFAL, Ac-ELVFFAL and coassembled Ac-KLVFFAL and Ac-

ELVFFAL as nanotubes in 40% MeCN/H2O. 
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Figure 3-37 CD melting profiles for Ac-ELVFFAL peptide nanotubes formed in 40% MeCN/H2O at 4 °C. 

The melting curve was fit using the sigmoidal form of the Bolzmann equation. y=3.4972+(-66.2539-

3.4972)/(1+exp((T-57.6199)/13.73808)), corresponding to a melting point of 57.6 ± 13.7 °C. 
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Figure 3-38 CD melting profiles for mixed Ac-KLVFFAL and Ac-ELVFFAL peptide nanotubes formed 

in 40% MeCN/H2O at 4 °C and resuspended in 70% MeCN/H2O. The melting curve was fit using the 

sigmoidal form of the Bolzmann equation. y=-9.303+(-16.0809+9.303)/(1+exp((T-66.9284)/ 3.7767)), 

corresponding to a melting point of 66.9 ± 3.8 °C. 

 

Figure 3-39 Topography (left) EFM amplitude (middle) and EFM phase micrographs (right) of Ac-

KLVFFAL and Ac-ELVFFAL peptides co-assemblies in 40% MeCN/H2O, DC bias  +1 V. In the EFM 

amplitude micrographs, positively charged surfaces are white and negatively charged surfaces are 

dark. 

 

Exploit Peptide Specificity in Co-Assembly 

Nature’s self-assembling systems are complex and require specificity.  Recent advances 

have shown that mixtures of helical peptides have adequate specificity to assemble even 
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within complex mixtures where promiscuous coiled-coil binding could take place.22,23 

Peptide sequence encode specificity has been studied by coassembly of Ac-KLVFFAL 

and its congener, Ac-KLVFFAV peptides as introduced in chapter 1. They self-sorted as 

separate nanotubes as well as newly nucleated as short fibers24, argued that a single 

methylene change encodes molecular level information. To compare the molecular 

codes of electrostatic interaction between lysine and phosphotysine and peptide 

specificity originated from a single methylene change, Ac-KLVFFAV which self-

assembles into larger nanotubes (~240nm diameter) is coassembled with Ac-pYLVFFAL  

which self-assembles into smaller nanotubes (~32nm diameter). A preliminary 

examination of coassembly was done by pelleting the two nanotubes and resuspended 

them together in 40% MeCN/H2O. Ellipticity of the mixture decreased to almost 0 within 

minutes and did not resume back within the 24 hour detection time (Figure 3-40), implies 

that mixing Ac-KLVFFAV and Ac-pYLVFFAL nanotubes disassemble both, and it takes 

longer to reassemble than that of mixing Ac-KLVFFAL and Ac-pYLVFFAL.  
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Figure 3-40 Circular Dichroism of Ac-KLVFFAV and Ac-pYLVFFAL mature nanotubes pelleted and 

resuspended in 40% MeCN/H2O. 
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Coassembled Ac-KLVFFAL and Ac-pYLVFFAL peptides displayed β-sheet CD with 

ellipticity maximum at 227nm (Figure 3-41). TEM micrographs (Figure 3-42) showed that 

the co-assemblies contain both nanotubes (dominate by tubes with ~60 nm diameter) 

and fibrils, argued that electrostatic interaction code seem to drive the complicated co-

assembly events even when peptides are with different specificities. The structure of the 

coassemblies needs further careful chatacterization to determine the mixing modes.   
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Figure 3-41 Circular Dichroism of co-assembled Ac-KLVFFAV and Ac-pYLVFFAL peptides 1:1 ratio 

in 40% MeCN/H2O. 
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Figure 3-42 TEM micrograph of (A) Ac-KLVFFAV nanotubes in 40%  MeCN/H2O 

 With TFA, pH2; (B) Ac-pYLVFFAL nanotubes in 40% MeCN/H2O with TEAA; (C) and (D) coassembled 

Ac-KLVFFAV and Ac-pYLVFFAL peptides in 40% MeCN/H2O for 3 weeks. 

 

Conclusions 

The loss of chiral signal upon mixing Ac-KLVFFAL and Ac-pYLVFFAL mature nanotubes 

implies disassembly of peptides, presumably owing to the strong electrostatic 

interactions between the two charged surfaces and led to collapse of partial higher-order 

structures. The mixture displayed ordered β-sheet structures within 24 hours, much 

shorter than of coassembly of peptide monomers. It could arise from the existence of 

tube fragments as templates or seeds to speed up the peptides reconstruction process. 

In both cases, however, peptides must undergo dynamic balancing of electrostatic, 

hydrogen-bonding and van der wal forces. The stronger ellipticity of coassemblies than 
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each peptide assemblies alone suggested the formation of more robust assemblies. 

Indeed, the coassemblies presented much higher melting temperature than each peptide 

alone. Giving the molecular odering entropy consumption at the leaflet interface by 

packing counterions from solvents, cooperative electrostatic interactions between lysine 

and phosphotyrosine residues contributes a lot to higher thermal stability. Moreover, the 

two peptides are structurally compatible and therefore, collaborative hydrogen-bonding 

and van der wal forces further increase the thermal stability.  

 

Biology is essentially heterogeneous: variations in structure, function and behavior exist 

everywhere. Heterogeneity can arise from errors in building a specific architecture or 

from mixing of different molecules. Stupp et al25,26, Yu et al27,28, and Zhuo et al29 have 

reported mixed oppositely charged peptides can quickly self-assemble into nanofibers 

with β-sheet architectures or peptide hydrogels via intermolecular electrostatic attraction, 

provides convenient strategy to combine two bioactive signals within a single nanofiber 

or hydrogel. However, none of these studies have defined charge distribution in the 

mixtures. The utilization of EFM and solid-state NMR in this study for characterization of 

heterogeneous peptide coassemblies were novel strategies. EFM was proved to be 

effective in mapping peptide nanotube surface charges and was extended successfully 

to a more dynamic heterogeneous system in this study. A delicate interface analysis 

based on solid-state REDOR NMR revealed the existence of both homogeneous and 

heterogeneous interfaces, suggesting charge separation across the peptide bilayer 

membranes and domain segregation along the lateral dimension of the peptide 

membrane. Both of these techniques have great potential to be extended to other 

heterogeneous self-assembly systems.  

  

The domain structures on peptide nanotubes surfaces as evidenced in uranyl acetate 

stained TEM discloses the cross-seeding capabilities between the two oppositely-

charged peptides, and helps explain the formation of heterogeneous interfaces.  

Peptides monomers with opposite charges dissolvate to form particles as evidenced by 

EFM (Figure 3-15) during the initial peptide aggregation and ordering, with numerous 

computational models30-32 and experimental studies33-35 supported the importance of 

electrostatic interactions.  The particles serve as the initial nucleation template for 

incoming peptides. Both K and pY peptides have equal probability to associate, or dock, 

with the template, searching for the lowest energy conformation, before it locks into that 



 

105 
 

strand orientation16. Once a mutation is built by docking and locking one peptide to the 

other peptide template which was proved possible by cross-seeding, it has an 

opportunity to propagate. The propagated domains may still switch charge if another 

mutation is made. In co-assemblies, the mutation rate has to be high to not able to 

observe distinct domains by TEM. However, when peptides are seeded by co-

assembled nanotubes with propagated mutation already exist, further propagation of the 

same charged domain is more efficient and thus explains why now domains are long 

enough to be shown in TEM.  

 

Cell membrane includes levels of asymmetry both across the lipid bilayer (lipid 

asymmetry) and in the lateral dimension (lipid domains). Generating asymmetry in 

nonbiological self-assembly systems is still an undeveloped area. We demonstrated a 

strategy to generate asymmetry that rivals those of extant biological membranes 

triggered by co-assembly of two oppositely charged peptides. The resulting 

coassemblies is quite unique from any previous studies in that 1) they assemble into 

ordered cross-β nanotube structures based on homogeneous structural elements and 

electrostatic interactions between oppositely-charged surface and interface exposed 

residues, 2) the outer surface are negatively charged and the inner surface is dominated 

by positive charges, the first example we known of charge separation in peptide self-

assembly, 3) despite the homogeneous nanotube morphologies of the coassemblies, the 

peptide registry is heterogeneous with the existence of homogeneous and 

heterogeneous leaflets interfaces. Hence, asymmetry is generated not only across the 

peptide bilayer but also along the lateral dimension of the peptide membranes.  

 

These robust charged peptide membranes have proved their capability to template small 

molecules, metals and even large proteins, now the unique asymmetric peptide 

membrane with charge separation and domain segregation opens new door for setting 

up system chemistry on these ordered nanomaterials.  

 

 

 

 

Methods 

FMOC-protection of istopically enriched amino acids 
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Isotope enriched amino acids were purchased from Cambridge Isotope Laboratories. 

Fmoc group was introduced by reacting the amine with Fmoc-O-succinimide (EMD 

Biosciences) in dioxane.  

 

Co-assembly of peptides 

Ac-KLVFFAL and Ac-pYLVFFAL peptides powders were weighed and mixed in 1:1 ratio.  

The mixed peptide monomers, were treated with HFIP to avoid any preformed structures 

before the addition of 40%MeCN/H2O. The solution pH was adjusted to pH 7 using 

NaOH.  

 

Circular Dichroism melting 

CD spectra were recorded using a JASCO J-810 spectropolarimeter fitted with a Peltier 

temperature controller. An aliquot (50-70 μ L) of peptide assemblies was placed in 

0.1mm path length demountable window cell (Starna Cells) with Teflon tape wrapped 

around the window edges to minimize evaporation. Initially, CD at 215 nm was recorded 

over a 15 minute period at controlled starting temperature (4C) until CD signature of 

solution stabilized. After temperature incubation, the ellipticity at 215 nm was recorded 

as a function of temperature in increments of 2 °C/min and fit to the sigmoidal form of the 

Boltzmann equation. 

 

Ac-pYLVFFAL do not melt in 40% MeCN/H2O before the temperature reaches 80 °C, 

and its melting profile is shown in Figure 3-41. Likewise, co-assemblies of Ac-KLVFFAL 

and Ac-pYLVFFAL do not melt in 40% MeCN/H2O, and they don’t melt when 

resuspended in 70% and 80% MeCN/H2O, before the temperature reaches 80 °C 

(Figure 3-42 and 3-43).  
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Figure 3-43 CD melting profiles for Ac-pYLVFFAL nanotubes in 40% MeCN/H2O. The ellipticity stayed 

stable and changed drastically only when acetonitril started to evaporate at 80 °C. 
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Figure 3-44 CD melting profiles for co-assembled Ac-KLVFFAL and Ac-pYLVFFAL nanotubes in 40% 

MeCN/H2O. The ellipticity stayed stable and changed drastically only when acetonitril started to 

evaporate at 80 °C. 
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Figure 3-45 CD melting profiles for co-assembled Ac-KLVFFAL and Ac-pYLVFFAL nanotubes formed 

in 40% MeCN/H2O and resuspended in 70% and 80% MeCN/H2O. The ellipticity stayed stable and 

changed drastically only when acetonitril started to evaporate at 80 °C. 

 

HPLC analysis  

To ensure peptides were coassembled in 1:1 ratio, peptides powders were dissolved in 

minimal volume of HFIP (typically 10 to 30 μL is enough to dissolve ~4-10mg peptides) 

and injected to analytical RP-HPLC using a C18-reverse phase column with an 

acetonitrile-water gradient. The peaks were integrated for peptide concentration 

calibration. Based on the integration results of HPLC peaks (Figure 3-41) of the two 

peptides, the two stock solution concentration can be determined relative to each other 

and then mixed in 1:1 ratio.   
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Figure 3-46 HPLC trace of Ac-KLVFF[1-
13

C]AL-NH2) stock solution  and the (Ac-pYL[
15

N]VFFA[3-

13
C]L-NH2) stock solution in HFIP, method 15%-70% 55min. 100% for 10 min. 15% for 10 min. 

 

Matrix-assisted laser desorption/ionization analysis of assembled peptides ratio 

 After allow the peptides mixed and coassembled as nanotubes for 6-8 weeks, MgCl2 

was added to the assemblies and the pellet was spun down for NMR analysis. A tip of 

the pellet was redissolved in HFIP and used for peptides amounts ratio analysis by 

MALDI. The m/z peaks of 879 or 902 g/mol (Ac-KLVFF[1-13C]AL-NH2 or Ac-KLVFF[1-

13C]AL-NH2+ Na+) and m/z peaks of 993 or 1016 g/mol (Ac-pYL[15N]VFFA[3-13C]L-NH2 

or Ac-pYL[15N]VFFA[3-13C]L-NH2 + Na+) were observed in the mixed peptides 

assemblies.  Stock solution of Ac-KLVFFAL and Ac-pYLVFFAL peptides were dissolved 

in HFIP and injected to HPLC for concentration calibration. A series of samples with 

different ratio of mixed peptides were prepared and measured by MALDI. The m/z peaks 

(878 or 901 and 991 or 1014) intensity ratio were plotted vs K and pY peptides ratio 

determined by HPLC (Figure 3-42). The plot was fitted to y=1.47+1.54x. The 

coassembled Ac-KLVFF [1-13C]AL-NH2 and Ac-pYL[15N]VFFA[3-13C]L-NH2 sample 

contained a m/z 879/993 peak ratio of 2.33 ± 0.52, converted to a K and pY peptides 
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ratio of 0.56. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

1

2

3

4

5

6

7

8

9
In

te
n

s
it
y
 r

a
ti
o

 o
f 

p
e

a
k
 K

/p
Y

K：pY peptides ratio
 

Figure 3-47 Ac-KLVFFAL and Ac-pYLVFFAL mass peak intensity ratio measured by MALDI plot vs 

peptides ratio. 

 

Solid state REDOR NMR 

To prepare matured samples for solid-state NMR experiments, sodium sulfate or 

magnesium chloride was added to Ac-KLVFFAL or Ac-pYLVFFAL, Ac-ELVFFAL, mix of 

Ac-KLVFFA and Ac-pYLVFFAL to a final concentration of peptide to salt ratio 1:5 to 

induce lateral bundling of nanotubes. Previously, sulfate bundling of nanotubes has been 

shown to protect assemblies from freezing and lyophilization. 

 

Solid-state NMR experiments were conducted identical to chapter 4. As illustrated in 

previous chapter, the difference between the REDOR S and S0 signal (ΔS) is directly 

proportional to the dipolar coupling, hence the distance between the two spins. 

 

An integration of NMR [1-13C]A and [3-13C]A peaks gives an estimation of pY: K peptide 

ratio of 1:0.74 (Figure 3-43). Assuming 13C enriched peptide give 99 units of 
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magnetization and natural abundance 13C’s give rise to 1.1 u of magnetization, the total 

13C intensities can be calculated from the concentration of pY (CpY) and K (CK) 

containing peptides as: (13CH3)intensity = 99CpY + 1.1CK , assuming that the natural 

abundance contribution from the K-peptide is negligible, this simplifies to: (13CH3)intensity = 

99CpY (13CO)intensity = 99CK + (1.1*6*CK) + (1.1*7*CpY)  Substituting (13CH3)intensity = 1 and  

(13CO)intensity = 0.736 gives: CpY = 1/99 = 0.01 CK = (0.736-7.7*0.01)/(99 + 6.6) = 0.00624. 

The result can be normalized to peptides concentration ratio of CpY = 1 and CK = 0.62. 

Comparable to the MALDI analysis result, which is CpY = 1 and CK = 0.56.  

 

 

Figure 3-48 NMR spectra of [1-
13

C]A (Ac-KLVFFAL) and [3-
13

C]A (Ac-pYLVFFAL). 

 

REDOR data points are the integrated sum of center- and sideband peaks. Error bars 

were calculated using the noise of each spectrum as the maximum peak height deviation. 

To normalize for the decay due to T2 (spin-spin relaxation), individual REDOR curves 

are plotted as ΔS/S0. The steeper the slope of the REDOR dephasing curves the shorter 
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the distance (hence stronger the dipolar coupling) between the two spins. The functional 

form of the REDOR curves for an isolated heteronuclear spin-pair are identical and can 

be overlaid on top of each other by simply scaling the x-axis, which makes fitting the 

REDOR data straight forward.  

 

By plotting REDOR as ΔS/S0, the plateau (max dephasing) is directly related to the 

number of spins that are coupled. If only half of the observe spins (in this case 13C) are 

coupled to a dephasing spin (in this case 15N), the REDOR curve will only go to half the 

value observed when all the spins are coupled as illustrated in Figure 3-47. 

 

 

 

Figure 3-49 Ideal 13C{15N}REDOR curves that vary the percent of 13C near an 15N from 25% to 100%. 

 

For dephasing of carbonyl carbon of Ac-KLVFF [1-13C]AL-NH2 and Ac-pYL [15N]VFF [3-

13C]AL-NH2  co-assemblies, the distance the H-bonded 15N from the adjacent peptide 

was set to 4.32Å (r1) and the distance to the non-H-bonded 15N was set to 5.3Å (r2). The 

angle between the two 13C-15N internuclear vectors was set to 155°, consistent with firs 

to dephasing of pure Ac=KL [15N]VFF [15N]AL-NH2 assemblies. The experimental data 

was fit to linear combination of 3-spin (one 13C and two 15N’s with distances r1 and r2 and 

and angle of 155°) and 13C{15N}REDOR curves corresponding to the 13C-15N distances of 

4.32Å and 5.3Å were used to fit the experimental data points using the Non-Linear Fit 

routine in Mathematica. Individual curves for dephasing of the carbonyl carbon of Ac-
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KLVFF [1-13C]AL-NH2 and  Ac-pYL [15N]VFF [3-13C]AL-NH2  is shown in Figure 3-48. The 

fit curve is a summation of 46% 3-spin, 10% 2-spin with distance r1, 10% 2-spin with 

distance r2 and natural abundance of 13C. 

 

 

Figure 3-50 The 1
-13

C{
15

N}REDOR dephasing fits to 3-spin and 2-spin systems. The fit curve is a 

summation of 46% 3-spin, 10% 2-spin with distance r1, 10% 2-spin with distance r2 and natural 

abundance of 
13

C. 

 

Seeding experiment 

Ac-KLVFFAL, Ac-pYLVFFAL and mixed 1:1 peptides were allowed to assemble as 

mature nanotubes first. Then seeds were prepared by sonicating nanotubes for 3 hr 

before adding to peptide monomers. All peptide monomers were treated with HFIP to 

avoid any pre-formed structures. Seeds vs peptide monomer concentration ratio equals 

1:9.  
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Chapter 4 Energy and Electron Transfer across Asymmetric 

Peptide Membranes 

Introduction 

Light absorption, charge separation (CS) and excitation energy transfer (EET) are crucial 

steps in natural photosynthesis1. Substantial attempts have been made to mimic charge 

separation and photoinduced electron transfer to understand photosynthesis and 

construct new systems. While it is challenging to construct electron transfer in covalently 

linked donor-acceptor systems,2,3  they have founded a valuable framework for the 

design of noncovalently assembled donor-acceptor arrays similar to nature’s light-

harvesting reaction centers with remarkable long-range order held by the protein 

environment. These systems have been constructed on on self-assembled 

multichromophores systems4-7, synthetic lipid bilayer liposomes8-10, polymeric 

assemblies11,12, carbon nanotubes (SWCNT)13,14, as well as diphenylalanine peptide 

nanotubes15
. These previously reported scaffolds, however, are not capable of either 

spontaneous assembly or self-charge separating, the features in the development of an 

autonomous photosynthetic system.  

 

In chapter 3, I have presented the unique asymmetric peptide membranes with distinct 

charges on inner and outer surfaces co-assembled from two oppositely charged amyloid 

peptides (Figure 4-1). The covalent coupling and noncovalent association of 

fluorophores to the peptide nanotubes have allowed us to achieve light harvesting, 

charge separation and electron transfer within the self-assembly system.  

 



 

118 
 

 

Figure 4-1 Surface charge models for Ac-KLVFFAL nanotubes with positive charges on both inner 

and outer surfaces (left), Ac-pYLVFFAL nanotubes with negative charges on both inner and outer 

surfaces (middle), mixed Ac-KLVFFAL and Ac-pYLVFFALcoassembled as nanotubes with negative 

charges on outer surfaces and both positive and negative charges on inner surfaces (right). Blue 

represents lysine residues with positive charges; red represents phosphotyrosine residues with 

negative charges. 

 

Results 

Covalent Coupling of Flurophores to Peptide Membrane Surfaces 

Previous studies have established the feasibility of decorating the N-terminus with 

Rhodamine 110 (Rho110) via solid phase synthetic methods to yield Rho-KLVFFAE 

which self-assembles into fluorescent amyloid fibrils.16,17 To incorporate fluorophores to 

asymmetric peptide nanotubes, the N-terminus of Ac-KLVFFAL peptide was replaced by 

Rho110, and the Rho-KLVFFAL peptide was co-assembled at 1: 250 ratios with Ac-

KLVFFAL, or Ac-pYLVFFAL, or mixed Ac-KLVFFAL and Ac-pYLVFFAL peptides. Rho-

KLVFFAL self-assembled as fibrils and ribbons by itself (Figure 4-2 A), but coassemblies 

with unlabeled peptides formed homogeneous nanotubes (Figure 4-2 B, C and D), 

morphologically identical with unlabeled peptide nanotubes. Homogeous fluorescence 

nanotubes were observed by fluorescence imaging suggested that Rhodamines were 
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evenly decorated on the peptide nanotubes surfaces. 

 

Figure 4-2 TEM micrographs of (A) Rho-KLVFFAL assemblies, (B) mixed Rho-KLVFFAL and Ac-

pYLVFFAL in 1:250 ratio coassembled as nanotubes, (C) mixed Rho-KLVFFAL and Ac-pYLVFFAL in 

1:250 ratio coassembled as nanotubes (D) : mixed Rho-KLVFFAL, Ac--KLVFFAL and Ac-pYLVFFAL 

in 1:250:250 ratio coassembled as nanotubes, scale bar 200nm. 

 

 

Figure 4-3 Single slices of confocal fluorescence images of (A) mixed Rho-KLVFFAL and Ac-

pYLVFFAL in 1:250 ratio coassembled as nanotubes, (B) mixed Rho-KLVFFAL and Ac-pYLVFFAL in 

1:250 ratio coassembled as nanotubes (C) : mixed Rho-KLVFFAL, Ac--KLVFFAL and Ac-pYLVFFAL 

in 1:250:250 ratio coassembled as nanotubes, scale bar 10 μm. 

 

Since Rh110 is zwitterionic and only incorporated at 1:250 ratios, I hypothesized that the 

surface charge properties of each Rho-labeled assembly should maintain the same as 

unlabeled assemblies. To test the hypothesis, Gold nanoparticles (AuNPs) binding with 

peptide nanotube surfaces, which was shown effective in chapter 2, was employed to 

investigate the charge properties of Rho-labeled peptide assemblies. Moreover, AuNPs 

are unique nanomaterials with strongly size-dependent surface plasmon resonance 

(SPR), high surface-to-volume ratio and good catalytic activity. Their capability as “super 

quenchers” for a few fluorescence dyes including Rhodamine have been utilized in 

DNA18,19
 and protein detections.20,21 Therefore, incorporation of AuNPs could extend 

https://www.google.com/search?es_sm=122&q=zwitterionic&spell=1&sa=X&ved=0CBsQvwUoAGoVChMIrILu25yIxgIVyRqSCh2QFwAQ
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possibilities for creating interacting molecules and reaction centers on peptide 

membranes.  

 

As shown in Figure 4-4, Rhodamine 110 displayed fluorescence maximum intensity at 

521nm. Nevertheless, the co-assemblies of  Rho-KLVFFAL  with Ac-KLVFFAL, Ac-

pYLVFFAL and mixed Ac-KLVFFAE and Ac-pYLVFFAL peptides have shifted maximum 

wavelengths to 527, 534 and 530 nm respectively, supported the environments of the 

fluorophores are different in each assemblies. Negatively-charged AuNPs were then 

added to the peptide assemblies to evaluate surface charges. TEM section images were 

taken to observe whether AuNPs are bound to inner or outer surfaces. TEM images of 

cross-sectioning of epoxy resin embedded Ac-KLVFFAL tubes (Figure 4-5) with (-) 

AuNPs highlights one layer of 5nm dots around 30 nm circles. The single layer is most 

consistent with binding only the outer surfaces with hindered access to the inner 

surfaces.  

 

Upon addition of negatively-charged AuNPs to the Rho-labeled peptide nanotubes, 

fluorescence intensities of all samples decreased to different scales. The quenching 

efficiency is accessed as fluorescence intensity in the presence of AuNPs/ in the 

absence of AuNPs. The differences in quenching efficiencies could reflect whether 

AuNPs were bound to peptide surfaces as N-terminal Rhodamine 110 were decorated 

on peptide nanotubes surfaces22. The coassemblies of Rho-KLVFFAL and Ac-KLVFFAL 

have significant quenching efficiency of 67.4%, supported coassemblies of Rho-

KLVFFAL and Ac-KLFFAL possess positively-charged outer surfaces. However, the 

quenching efficiencies of Rho 110, coassemblies of Rho-KLVFFAL and Ac-pYLVFFAL, 

coassemblies of Rho-KLVFFAL, Ac-KLVFFAL and Ac-pYLVFFAL are 3.4%, 8.5% and 

11.4% respectively, confirmed that these peptide assemblies possess negatively-

charged outer surfaces.  

 

Covalent attachments of fluorophores do not affect the assembling properties of the 

peptides as along as they are incorporated in a minimum ratio. The experimental results 

also confirm that Ac-KLVFFAL have positively-charged surfaces, while as well as 

coassemblies of Ac-KLVFFAL and Ac-pYLVFFAL have negatively-charged outer 

surfaces.  Successful recruitment of outside pigments via electrostatic interactions laid 

foundation for building pigments arrays on peptide membrane surfaces. 
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Figure 4-4 Fluorescence spectra for Rho labeled peptides assemblies. Solid lines are peptide 

assemblies, dashed lines are peptide assemblies with the addition of negatively charged AuNPs. 

Rho 110 (black): Rhodamine 110 alone; Rho-K+K (blue): mixed Rho-KLVFFAL and Ac-KLVFFAL 

coassembled as nanotubes; Rho-K+pY (red): mixed Rho-KLVFFAL and Ac-pYLVFFAL coassembled 

as nanotubes; Rho-K+K+pY (magenta): mixed Rho-KLVFFAL, Ac--KLVFFAL and Ac-pYLVFFAL 

coassembled as nanotubes. Each sample contains 1.8mM unlabeled peptides and Rho-KLVFFAE 

0.0072mM. AuNps are 0.03mM in each sample. The maximum wavelength are 521, 527 534 and 

530nm respectively, quenching efficiencies are 3.4%, 67.4%, 8.5% and 11.4% respectively. 
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Figure 4-5 TEM micrographs of (A) Dried and flattened Ac-KLVFFAL nanotubes (bar=100 nm) bound 

with negatively charged AuNPs and (B) cross-sectioned, epoxy resin embedded assemblies oriented 

perpendicular to the tube long axis (bar=20 nm). Inset is a zoom in on one of the tubes (bar=20nm). 

 

Noncovalent Association of Flurophores to Peptide Membrane Surfaces 

Amyloid’s molecular templating capability is worth investigating for the purpose of 

building functional amyloid. Especially when the templated molecules are catalytical or 

redox-active, it will largely expand diversity of the arrays and reactions that can be set up 

with peptide membranes.The unique structure of cross-β nanotube, provides laminate 

grooves as binding sites for histochemical dye Congo Red (CR). CR bound to cross-β 

nanotubes display a broad red-shiftted UV signature supported the existence of a 

precise network and linear dichroism defines the orientation of CR as parallel to the 

amyloid long axis and colinear with laminate grooves, illuminating the ability of the 

amyloid to organize molecules into extended arrays. CR, however, does not bind to 

negatively charged nanotube surfaces due to the negative charges on the molecule as 

tested in chapter 2, while positively-charged small molecule such as ThT binds to 

negatively-charged Ac-pYLVFFAL nanotubes. To fully take advantage of the laminate 

grooves of the nanotubes surfaces, Methylene Blue (MB), a 

heterocylic aromatic chemical compound  (Figure 4-6) with similar conjugated ring 

structures with CR, was chosen. Solutions of this substance are blue when oxidized and 

colorless if reduced. When combined with light it can be used to treat resistant plaque 

psoriasis,23 AIDS-related Kaposi's sarcoma24, West Nile virus25. The redox properties 

made MB promising candidate for perform the redox activity at the nanotube surfaces. 

  

http://en.wikipedia.org/wiki/Aromaticity
http://en.wikipedia.org/wiki/Chemical_compound
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Figure 4-6 Molecular structures of Congo Red (left) and Methylen blue (right). 

 

MB molecules do not show natural ellipticity alone, but in the presence of Ac-pYLVFFAL 

nanotubes display cotton effect at 297 and 661 nm at the λmax of each transition (Figure 

4-7), supported MB binding with the surfaces of Ac-pYLVFFAL nanotubes. Plot the 

ellipticity vs pY/MB ratio, all four peaks absolute intensity increases and reaches a 

plateau (Figure 4-8 and 4-9), presumably where the nanotube surfaces are saturated 

with MB molecules. The plateau starts at a pY/MB ratio of 2. At higher pY: MB ratio of 

7.6, MB bundle pY nanotubes (Figure 4-10) just like what divalent positively-charged salt 

does to pY tubes.  

 

 

Figure 4-7 (A) UV spectra of methylene blue with strong peaks at 292 and 661nm and a shoulder 

peak at 610nm; (B) Circular Dichroism of Ac-pYLVFFAL nanotubes alone (black), Methylene Blue 

alone (red) and Methylene Blue in the presence of Ac-pYLVFFAL nanotubes (blue). 
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Figure 4-8 Circular Dichroism of 0.05 mM 200 μL  Methylene Blue with addition of 1, 2, 3, 4…18, 19, 

20 μL 2mM Ac-pYLVFFAL peptides nanotubes, pY/MB ratio are 0.4, 0.6, 0.8, 1…3.6, 3.8, 4. 
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Figure 4-9 Plot the ellipticity vs pY/MB ratio, the first to fourth refer to peaks at 291, 305, 654 and 675 

nm respectively. The absolute intensity of all four peaks increases and reaches a plateau and the 

plateau starts at a pY/MB ratio of 2. 
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Figure 4-10 TEM micrographs of (A) Ac-pYLVFFAL in the presence of 1.1mM Methylene Blue, (B) Ac-

pYLVFFAL in the presence of 8.4mM Methylene Blue. 

 

Linear dichroism (LD) (Figure 4-11) showed the positive transition dipole of the 200 nm 

amide π-π*. This positive LD indicates the amide absorption is greater parallel than 

perpendicular to the tube axis and orients the backbone carbonyl roughly parallel to the 

tube long axis.26-28 The Ac-pYLVFFAL nanotubes have no electronic transitions between 

500 and 750 nm, and MB by itself displays only a weak positive LD signature, consistent 

with laminar flow orienting a small percentage of the linear MB molecules. The LD of MB 

bound to Ac-pYLVFFAL nanotubes displays a strong positive signature at 651 nm, 

indicating preferred absorbance parallel to the direction of flow. As both the transition 

dipole of MB and the backbone carbonyl of nanotubes are oriented parallel to the 

direction of flow, MB is oriented parallel to the tube axis.  
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Figure 4-11 Cuvette flow LD of Ac-pYLVFFAL nanotubes. Panels show (A) the nanotube amide 

transition and (B) 50 μM MB (red) with (blue) and without (black) 500 μM nanotubes. 

 

Previous studies have presented Congo Red bind positively-charged peptide nanotubes 

parallel to the β-sheet axis, and negatively-charged surfaces presented here bind 

Methylene blue in a similar mode. With this foundational insight into peptide membrane’s 

molecular templating capability, the functionalities of the peptide scaffolds can be 

expanded by diversifying the binding molecules with various redox and catalytic activities. 

 

Energy Transfer across Asymmetric Cross-β Peptide Membranes 

Previous studies16 have demonstrated Fluorescence resonance energy transfer (FRET) 

between covalently linked Rhodamine 110 and noncovalently associated Alexa 555 on 

the nanotube surfaces (Figure 4-14). This extension of amyloid self-assembly to more 

precise supramolecular arrays containing functional pigments provides a critical first step 

towards constructing a self-assembling nanoscale scaffold for new applications. 

However, the FRET pair was recruited on the same surface in the previous study16. With 

the unique asymmetricly charged peptide membranes constructed in chapter 3, we are 

now positioned to exploit the energy transfer across the peptide bilayers.  
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Figure 4-12 Two-photon fluorescence imaging (Ex=780nm) of Rh110-A(16-22) donor nanotubes (A) 

and bound Alexa555 acceptor (Em=565nm) (B) (Reprinted from Childers, W.S. et, al. Curr. Opin. 

Chem. Biol 2009 with permission from Elsevier). 

 

The FRET pair of Acridine orange and Alexa 633, positively- and negatively-charged 

respectively, were selected (Figure 4-13) to probe the negatively- and positively-charged 

peptide nanotube surfaces.  Alexa binding with positively-charged peptide nanotube 

surfaces have been tested16. The absorption of Acridine orange red shifted from 494 to 

500 nm in the presence of Ac-pYLVFFAL nanotubes (Figure 4-14). Acridine orange 

displayed positive ellipticity at 500 nm in the presence of Ac-pYLVFFAL nanotubes 

(Figure 4-14). These spectroscopic analyses are consistent with positively-charge 

fluorophore Acridine orange binding of negatively-charged phosphotyrosine peptide 

nanotube surfaces.  
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Figure 4-13 Molecular structures of Acridine orange and Alexa 633 (top), absorption (dashed line) 

and emission spectra (solid line)of Acridine orange and Alexa 633 (bottom). The emission spectrum 

of the donor (Acridine orange) has sufficient overlay with absorption spectra of the acceptor (Alexa 

633). The spectra are built in fluorescence spectra viewer, life technologies. 

 

 

Figure 4-14 (A) UV spectra of Acridine orange 10 μM in the absence (black) and presence (red) of 

1mM Ac-pYLVFFAL peptide nanotubes. The maximum wavelength shifts from 493.5 to 499.5 nm; (B) 

Circular Dichroism of Acridine orange 10 μM in the absence (black) and presence (red) of 1mM Ac-

pYLVFFAL peptide nanotubes. The latter displays a positive ellipticity at 500nm. 
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To evaluate the homogeneity of the binding, confocal fluorescent imaging (Figure 4-13) 

established that negatively-charged Alexa 633 binds specifically to Ac-KLVFFAL not to 

Ac-pYLVFFAL (Figure 4-14). In contrast, positively-charged Acridine orange binds 

specifically to Ac-pYLVFFAL not to Ac-KLVFFAL (Figure 4-16). As shown in Figure 4-16, 

both Alexa 633 and Acridine orange bind to the co-assemblies of Ac-KLVFFAL and Ac-

pYLVFFAL. An overlaid image (Figure 4-17) suggests most flurophores are colocalized 

on co-assembled nanotube surfaces .   

            

 

Figure 4-15 Single slices of confocal fluorescence image of (A) Alexa 633 in the presence of Ac-

KLVFFAL nanotubes, (B) Alexa 633 in the presence of Ac-pYLVFFAL nanotubes, (C) Alexa 633 in the 

presence of mixed Ac-KLVFFAL and Ac-pYLVFFAL coassembled as nanotubes, (D) Acridine orange 

in the presence of  Ac-KLVFFAL nanotubes, (E) Acridine orange in the presence of Ac-pYLVFFAL 

nanotubes, (F) Acridine orange in the presence of mixed Ac-KLVFFAL and Ac-pYLVFFAL 

coassembled as nanotubes. Scale bar 20 μm. 
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Figure 4-16 Single slices of confocal fluorescence image (A) Alexa 633 in the presence of mixed Ac-

KLVFFAL and Ac-pYLVFFAL coassembled as nanotubes, (B) Acridine orange in the presence of 

mixed Ac-KLVFFAL and Ac-pYLVFFAL coassembled as nanotubes, (C) overlay of image (A) and (B). 

Scale bar 20μm. 

 

 

Figure 4-17 Single slices of confocal fluorescence image (A) overlay of image Alexa 633 and Acridine 

orange binding with the co-assemblies.  Scale bar 20μm. (B) Zoom in on image. Scale bar 6.7μm.  

 

FRET is widely used as a tool for probing molecular interactions and distances between 

specific sites in macromolecules. To test whether there is energy transfer between the 

fluorophores pair across the bilayer, the system was excited at 470 nm by single-photon 

fluorescence microscope. At 470 nm, only the donor Acridine orange would be excited. 

The emission range was set at 500-750 nm for emissions of both the donor and acceptor. 

In the presence of Ac-KLVFFAL nanotubes, only the emission peak of the donor 

Acridine orange was observed at 526 nm with or without the presence of Alexa 633 

(Figure 4-18 A). In the presence of Ac-pYLVFFAL nanotubes, similar spectra were 
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observed (Figure 4-18 B). In the presence of co-assemblies, a drastic decrease was 

observed at 526 nm of the donor emission along with the appearance of a 645 nm peak 

of the acceptor emission (Figure 4-18 C). The results demonstrated efficient FRET 

between the donor and acceptor in the presence of co-assemblies, suggested the 

energy transfer is most likely taken place across the peptide bilayer surfaces.  

 

Resonance Energy Transfer (FRET) Efficiencies can be calculated based from donor 

emission as shown in equation 4-129,30, where where IDA and ID are the total donor 

fluorescence intensities in presence and absence of acceptor respectively. Since the 

acceptor does not emit at 526 nm, the intensity values at 526 nm of the donor were used 

in the equation. FRET Efficiencies is calculated as E=1-1.02182E6/2.21818E6=0.54.  

     
   

  
 

Equation 4-1 

Follow the procedure and the spectra overlay integral developed by Mark Hink31 and 

adapted by Antonie J.W.G. Visser32, assuming the dipole orientation factor as average of 

0.67, the critical transfer distance (or Förster distance) R0, i.e. the D-A distance at which 

the FRET efficiency is 50%, is calculated as 42 Å. The donor-acceptor distance can be 

calculated based on equation 4-2
29,30

, R=38.8 Å, which is about the same as the peptide 

nanotube wall thickness, suggested that the energy transfer is mostly taken place across 

the peptide bilayers.  

     
   

 

 

 

Equation 4-2 

 

The rate constant of the energy transfer, kFRET, is a simple function of the distance in 

between the pair, R29,30. Here, τD is the excited state lifetime of donor in absence of 

acceptor and R0 is the critical distance. The fluorescence life time of Acridine orange is 2 

ns and Alexa 633 lifetime is 3.2 ns33, therefore the rate of transfer can be estimated as 

3×107s-1. 

       
 

  
 
  

 
 
 

 

Equation 4-3 

                  

 

http://www.fluortools.com/software/ae/documentation/tools/integrate
http://www.fluortools.com/software/ae/documentation/tools/integrate
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Figure 4-18 Fluorescence spectra of (A) 500 μM Ac-KLVFFAL nanotubes without the presence of 

dyes (black), in the presence of Acridine orange 3.2 μM (red), and in the presence of Acridine orange 

3.2 μM and Alexa 633 1.6 μM (green); (B) 500 μM Ac-pYLVFFAL nanotubes without the presence of 

dyes (black), in the presence of Acridine orange 3.2 μM (red), and in the presence of Acridine orange 

3.2 μM and Alexa 633 1.6 μM (green); (C) Coassemblies of 500 μM Ac-KLVFFAL and Ac-pYLVFFAL 

without the presence of dyes (black), in the presence of Acridine orange 3.2 μM (red), and in the 

presence of Acridine orange 3.2 μM and Alexa 633 1.6 μM (green). 

 

Data in this section demonstrated functionalization of FRET pairs on asymmetric peptide 

membranes and the donor-acceptor energy transfer distance is aligned with the 

nanotube bilayer thickness, consistent with successful energy transfer across the 

peptide bilayer membranes (Figure 4-19). It is now possible to construct more complex, 

photofunctional systems on these patterned bilayer surfaces.  

 

 

 

Figure 4-19 Conceptual figure of donor and acceptor binding on Ac-KLVFFAL (left), Ac-pYLVFFAL 

(middle) and mixed Ac-KLVFFAL and Ac-pYLVFFAL coassembled as nanotubes (right). Only in the 

presence of mixed nanotubes, FRET can take place across the nanotubes from negatively-charged 

domains to positively-charged domains. 

 

Electron Transfer across Asymmetric Cross- β Peptide Membranes 

To further exploit molecular mimicry of photosynthetic energy and electron transfer on 

the asymmetric peptide membranes, the FRET pair was replaced as a pair of electron 

donor-acceptor. In the two light reactions of photosynthesis, the critical step is the 
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absorption of light by a porphyrin derivative, typically a chlorophyll compound with a 

hydrophobic tail that embeds the molecule into the thylakoid membrane34-36 . The head is 

a porphyrin ring that absorbs light and undergoes photon-induced electron transfer 

(PET). The attractive electronic properties, coupled with the ease of modification by 

various synthetic routes, make porphyrins good candidates as good electron donor-

acceptor system37 with many compounds such as fullerene38 39,40, anthracene41 and 

Methyl viologen6,42,43. Methyl viologen, a typical one-electron transfer acceptor with a low 

reduction potential, is able to cleave water producing hydrogen in the presence of 

catalysts in photochemical donor-acceptor system44 (Figure 4-20). Here I report the 

development of light-harvesting peptide nanotubes and test photo-induced electron 

transfer between protoporphyrin IX (PPIX) and Methyl Viologen (MV) on the self-

assembled peptide membranes.  

 

UV–vis absorption spectrum of PPIX solution exhibiting four weak Q-bands (S0→ 

S1transition)45, wheras MV has almost no absorption within 300-800 nm (Figure 4-21). 

Moreover, the fact that there is no spectra shift in PPIX Soret band in the presence of 

MV, suggests that there are few ground-state interactions between the two molecules. 

When excited at its Soret band 397 nm, PPIX has a fluorescence emission at 624 and 

688 nm (Figure 4-22). As shown in Figure 4-23, in the presence of Ac-KLVFFAL and co-

assembled Ac-KLVFFAL and Ac-pYLVFFAL peptides, the maximum emission shifted 

slightly from 624 nm to 626 nm, wheras in the presence of Ac-pYLVFFAL nanotubes, no 

shift was observed. Considering PPIX as a negatively-charged molecules, its binding 

with positively-charged nanotube surfaces that exist in Ac-KLVFFAL and mixed 

nanotubes in the solution suggest that binding explains the fluorescence emission shift.  

 



 

134 
 

 

Figure 4-20 Molecular structure of Protoporphyrin IX (left) and methyl viologen (right). 
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Figure 4-21 Absorption spectra of 3.33 μM PPIX and 0.4mM Methyl viologen in TEAA. 
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Figure 4-22 Fluorescence emission spectra of 3.33 μM PPIX with emission at 624 and 688 nm (black) 

and 0.4mM Methyl viologen in TEAA (red). Excitation 397 nm. 
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Figure 4-23 Fluorescence emission spectras of PP IX, PP IX in the presence of Ac-KLVFFAL 

nanotubes, PP IX in the presence of Ac-pYLVFFAL nanotubes, PP IX in the prescence of mixed Ac-

KLVFFAL and Ac-pYLVFFAL coassembled as nanotubes. PP IX 3.33 μM, total peptides concentration 

in each sample 0.33mM. Excitation 397 nm. 

 

Figure 4-24 shows the spectral changes upon titration of PPIX with MV2+. The fluorsence 

emission of PPIX was quenched by the addition of MV2+. Figure 4-25 shows Stern-

Volmer (equation 4-4) plots for quenching of the emission from the Soret band of PPIX 

by MV2+ in the absence and presence of peptide nanotubes. The plots for the PPIX-MV2+ 

system showed efficient fluorescence quenching even in the absence of peptide 

nanotubes. Combining with the results from UV where the two molecules have few 

ground-state interactions, these data demonstrated dynamic quenching mechanism 

resulted from collision of an excited state fluorophore and another molecule in solution 

instead of a static quenching where fluorophores form a reversible complex with the 

quencher molecule in the ground state.  
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Equation 4-4 

The Stern-Volmer plots (Figure 4-25 A) in the absence of peptide nanotubes fits to 

I0/I=6.94 [MV2+] + 1, Ksv=6.94 ×103 M-1, comparable to that of Zinc-Porphyrin to Methyl 

Viologen46 (~3 ×103) and Protoporphyrin IX to fullerene47 (~2.6 ×104). In contrast, in the 

presence of Ac-KLVFFAL (Figure 4-25 B), the fluorescence quenching is not linear, 

could be due to binding of partial PPIX on the surfaces of K tubes. Interestingly, in the 

presence of co-assemblies (Figure 4-25 C), the fluorescence quenching was saturated 

at [MV2+] =~0.18mM, where the ratio of I0/I is almost constant at 2.5. A non-linear Stern-

Volmer plots can occur in both static and dynamic quenching are occurring in the sample 

or in the case of collisional quenching if some of the fluorophores are less accessible 

than others. Considering unique charge properties of the co-assembled nanotubes , this 

saturation behavior could be resulted from electron transfer routes different from that in 

solution, or could be resulted from limited access of PPIX (relatively large and 

conformationally constrained molecule) to the inner surfaces and decreasing the 

collisional opportunities of the two fluorophores.  

 

To test these two theories, the concentration of PPIX was doubled from 3.33 μM to 6.67 

μM while the concentration of peptide nanotubes and MV remained the same (Figure 4-

26). In the absence of peptide nanotubes (Figure 4-27 A), the PPIX-MV2+ system was 

efficiently quenched. The Stern-Volmer plot fits to I0/I=5.49 [MV2+] + 1, Ksv=5.49 ×103 M-1. 

In the presence of mixed nanotubes (Figure 4-27 B), the fluorescence quenching was 

still saturated at [MV2+] =~0.18mM, where the ratio of I0/I is almost constant at 2.6. If the 

saturation behavior is resulted from limited access of PPIX, then a [PPIX] increase 

should increase the collisional opportunities of the two fluorophores and hence higher 

fluorescence quenching. Therefore, the saturation behavior due to different electron 

transfers routes.  
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Figure 4-24 Fluorescence spectras of Protoporphyrin IX with addition of varying concentration of 

methyl viologen, (A) in the absence of peptide nanotubes, (B) in the presence of Ac-KLVFFAL 

nanotubes, (C) in the prescence of mixed Ac-KLVFFAL and Ac-pYLVFFAL coassembled as 

nanotubes. Protoporphyrin IX 3.33 μM, total peptides concentration in each sample 0.33mM, methyl 

viologen concentrations are 0.012, 0.02, 0.028, 0.036, 0.12, 0.2, 0.28, 0.36 mM respectively. 
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Figure 4-25 Plots of Protoporphyrin IX fluorescence intensity I0/I vs methyl viologen concentration. I0: 

in the absence of methyl viologen, I: in the presence of methyl viologen. (A) in the absence of 

peptide nanotubes, (B) in the presence of Ac-KLVFFAL nanotubes, (C) in the prescence of mixed Ac-

KLVFFAL and Ac-pYLVFFAL coassembled as nanotubes. Protoporphyrin IX 3.33 μM, total peptides 

concentration in each sample 0.33mM, methyl viologen concentrations are 0.012, 0.02, 0.028, 0.036, 

0.12, 0.2, 0.28, 0.36 mM respectively. Plot A was fit to linear with intercept as 1. 

 

 

Figure 4-26 Fluorescence spectras of Protoporphyrin IX with addition of varying concentration of 

methyl viologen, (A) in the absence of peptide nanotubes, (B) in the prescence of mixed Ac-

KLVFFAL and Ac-pYLVFFAL coassembled as nanotubes. Protoporphyrin IX 6.67 μM, total peptides 
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concentration in each sample 0.33mM, methyl viologen concentrations are 0.012, 0.02, 0.028, 0.036, 

0.12, 0.2, 0.28, 0.36 mM respectively. 

 

Figure 4-27 Plots of Protoporphyrin IX fluorescence intensity I0/I vs methyl viologen concentration. I0: 

in the absence of methyl viologen, I: in the presence of methyl viologen. (A) in the absence of 

peptide nanotubes, (C) in the prescence of mixed Ac-KLVFFAL and Ac-pYLVFFAL coassembled as 

nanotubes. Protoporphyrin IX 6.67 μM, total peptides concentration in each sample 0.33mM, methyl 
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viologen concentrations are 0.012, 0.02, 0.028, 0.036, 0.12, 0.2, 0.28, 0.36 mM respectively. Plot A was 

fit to linear with intercept as 1. 

 

 

 

In fact, the plots of Protoporphyrin IX fluorescence intensity I0/I vs methyl viologen 

concentration in the presence of K tubes and the co-assemblies can be fitted to two-

phase rates with breaking points (Figure 4-28). The plots of I0/I vs methyl viologen are 

essentially measuring effective molarities of the donor and the acceptor in proximity.  In 

the presence of K tubes, the rates are K1= (12.22 ±1.66) ×103 M-1 and K2= (2.13 

±0.5 )×103 M-1 respectively(Figure 4-28B). The most possible mechanism to have much 

higher rate than in solution (K= (6.94 ±0.24) ×103 M-1) with limited acceptor 

concentration is when donor and donor can transfer energy between each other across 

the peptide bilayer tubes (Figure 4-29 A). With this model, one acceptor can effectively 

quench two to more donors and lead to effective donor-acceptor in proximity with limited 

acceptor concentration. This effect will be evened out with increasing acceptor 

concentration; therefore, there is a breaking point with increasing acceptor concentration. 

In the second stage, the electron transfer will be taken place between bound donor on 

tubes and the acceptor in solution, and hence similar rate to that of in solution (Figure 4-

28 A).  

In the presence of co-asssembled tubes, the rates are K1=  (24.68 ±1.95) ×103 M-1 and 

K2= (2.73 ±0.41)×103 M-1 respectively (Figure 4-28C). The most possible mechanism to 

have much higher rate than in solution (K= (6.94 ±0.24) ×103 M-1) with limited acceptor 

concentration is when donor and acceptor can transfer energy between each other 

across the peptide bilayer tubes (Figure 4-29 B). Considering a 4nm electron transfer is 

rarely seen unless the transfer pathway is conductive, this model suggests the 

asymmetric peptide membranes may possess conductivity. Similar, the effect of 

increased molarities of donor-acceptor in proximity will be evened out with increasing 

acceptor concentration; therefore, there is a breaking point with increasing acceptor 

concentration. In the second stage, the electron transfer will be taken place between 

bound donor on tubes and the acceptor in solution, and hence similar rate to that of in 

solution.  
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Figure 4-28 Plots of Protoporphyrin IX fluorescence intensity I0/I vs methyl viologen concentration. I0: 

in the absence of methyl viologen, I: in the presence of methyl viologen. (A) in the absence of 

peptide nanotubes, (C) in the prescence of mixed Ac-KLVFFAL and Ac-pYLVFFAL coassembled as 

nanotubes. B and C are fitted with two slopes as two stages. Protoporphyrin IX 3.33 μM, total 

peptides concentration in each sample 0.33mM, methyl viologen concentrations are 0.012, 0.02, 

0.028, 0.036, 0.12, 0.2, 0.28, 0.36 respectively.  

 

 

Figure 4-29 Electron transfer models between Protoporphyrin IX and Methyl viologen in the presence 

of Ac-KLVFFAL tubes (A) and in the presence of co-assembled Ac-KLVFFAL and Ac-pYLVFFAL 

peptides (B).  

 

In order to estimate the electron transfer rate in the presence of asymmetric peptide 

nanotubes, the fluorescence decays of PPIX in the absence of peptide nanotubes were 

measured and expressed with a monoexponential curve with a lifetime of 9.35 ns (Figure 

4-30 and Table 4-1). The addition of co-assembled nanotubes led to a slightly decrease 

in the lifetime to 8.81 ns (Figure 4-30 and Table 4-1). Addition of MV2+ to PPIX in the 

absence of co-assembled peptide nanotubes caused a shortening of the lifetime to 5.5 

ns. Addition of MV2+ to PPIX in the presence of co-assembled peptide nanotubes caused 

the largest shortening of the lifetime to 3.6 ns. The electron transfer rate can be 

estimated as the reciprocal of the donor lifetime difference in the absence and presence 

of the acceptor. Therefore, the electron transfer rate (k) from PPIX to MV in the absence 

of peptide nanotubes was estimated as ket = (τ[MV2+])-1-(τ[none])-1 = 7.49 X 107 S-1, 

where τ[MV] and (τ[none]) are the fluorescence lifetimes of PPIX with and without 

addition of MV2+, respectively. Similarly, the rate constant for the electron transfer (k) 

from PPIX to MV in the presence of co-assembled peptide nanotubes was estimated as 

ket’ = (τ[MV2+])-1-(τ[none])-1 = 1.64 X 108 S-1, where τ[MV] and (τ[none]) are the 

fluorescence lifetimes of PPIX with and without addition of MV2+, respectively. The 
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electron transfer rate is higher in the presence of peptide nanotubes, demonstrated 

peptide nanotubes as robust scaffold are able to organize electron-donor pairs for light-

harvesting and electron transfer.  
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Figure 4-30 Fluorescence lifetime decay of Protoporphyrin IX, Protoporphyrin IX in the prescence of 

mixed Ac-KLVFFAL and Ac-pYLVFFAL coassembled as nanotubes, Protoporphyrin with the addition 

of methyl viologen, Protoporphyrin IX in the prescence of mixed Ac-KLVFFAL and Ac-pYLVFFAL 

coassembled as nanotubes with the addition of methyl viologen Protoporphyrin IX 3.33 μM, total 

peptides concentration in each sample 0.33mM, methyl viologen 0.12mM. 

 

Table 4-1 Lifetime measurements and electron transfer rate. 

 Lifetime (ns)  Error (ns) ket (S
-1) Error (S-1) 

Protoporphyrin 9.35 0.11   

Protoporphyrin + mix tubes 8.81 0.12   

Protoporphyrin + methyl 

viologen 

5.5 0.1 7.49 X 107 2.17 X 107 

Protoporphyrin + mix tubes 

+ methyl viologen 

3.6 0.1 1.64 X 108 2.42 X 107 
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Conclusions 

In this chapter, a unique asymmetric peptide membrane with distinctly charged inner and 

outer surfaces is utilized as a self-assembled scaffold to array pigments and electron 

donor-acceptor pairs. A variety of qualitative and quantitative methods were developed 

to characterize their ability to recruit fluorophores and molecules. The cross-β grooves 

appear to have some of the features of small molecule binding sites in proteins and 

certainly capture some of the ability to access the long-range order inherent in lipids and 

membranes. Such unique surfaces created from supramolecular assemblies were 

exploited by building energy and electron transfer systems on peptide nanotube surfaces. 

These experiments expands the light-harvesting FRET taken place on the same 

surfaces of symmetric peptide membrane, to complicated FRET and electron transfer 

processes that are taken place not only on the the same peptide membrane surface, but 

also across the cross-β bilayer of the asymmetric peptide membrane. The self-assembly 

of asymmetric peptide membranes offer an effective strategy to integrate light harvesting 

and charge separation in artificial photosynthetic systems.  

 

Methods 

Reagents 

Acridine orange, Methylene blue, Protoporphyrin IX, Methyl viologen dichloride hydrate 

were purchased from Sigma-Aldrich. Alexa Fluor® 633 NHS Ester (Succinimidyl Ester) 

was purchased from life technology. All the fluorophores were dissolved in 40% 

MeCN/H2O or buffer in consistence with peptide assemblies.  

 

Synthesis of Rho-KLVFFAL 

Peptide was prepared on a solid support resin using FMOC microwave-assisted peptide 

synthesis with final deprotection of the FMOC, leaving a free –NH2 on the N-terminus of 

the peptide. The resin was washed with DCM before the coupling reaction. For coupling 

of Rhodamine 110, a 3x molar equivalent (assuming a 0.1mmol scale for peptide 

synthesis) of Rhodamine 110 was added to a minimal 173 volume of DCM and stirred to 

dissolve. To this solution were added 8 equivalents of DIEA. After 10 minutes, 3 

equivalents of HBTU were added to the Rhodamine solution for activation. After another 

10 minutes, the resin slurry was added to this Rhodamine solution. Reaction was stirred 

overnight under N2 gas in an ice bath and was monitored by TLC. Following either 
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reaction, the resin was washed with 1:1 DMF:DMSO (2x), DMF (2x) and DCM (2x) to 

remove excess Rhodamine 110 from the resin. Resins were then dried and the peptides 

cleaved as previously described. 

 

UV-Vis Absorption, Circular Dichroism and Fluorescence Emission measurements 

UV-vis absorption spectra were recorded with a Jasco V-530 UV spectrophotometer 

using a 2 mm cuvette path length. UV spectra were background subtracted using 

peptide nanotubes in the absence of CR to minimize scattering effects. CD spectra were 

measured on a Jasco V-810 CD polarimeter with a 1 mm cuvette. Fluorescence 

Emission was measured using fluoromax-3 spectrofluorometer (Horiba Jobin Yvon, 

Edison, NJ, USA) using a 3mm cuvette length.  

 

FRET calculations 

The emission of the donor Acridine orange and the absorption of the acceptor Alexa 633 

were measured (Figure 4-31) to calculate R0. Follow the procedure and the spectra 

overlay integral developed by Mark Hink31 and adapted by Antonie J.W.G. Visser32, and 

input the spectra data results, assuming the dipole orientation factor as average of 0.67, 

the critical transfer distance is calculated as 42 Å. 

The rate constant of the energy transfer, kFRET, is a simple function of the distance in 

between the pair, R. Here, τD is the excited state lifetime of donor in absence of acceptor 

and R0 is the critical distance, i.e. the D-A distance at which the FRET efficiency is 50%.  

       
 

  
 
  

 
 
 

 

Equation 4-5                     

 

The FRET efficiency is defined as the quantum yield of the process: 

  
     

         
  

     

         
 

  
 

  
    

 

Equation 4-6 

Therefore, the energy transfer distance can be calculated from FRET efficiency by: 

     
   

 

 

 

Equation 4-7 
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Figure 4-31 (A) UV spectra of Alexa 633 absorbance, (B) fluorescence spectra of Acridine orange 

emission. 

 

Electron transfer sample preparation 

PPIX, MV and peptide nanotubes pellets were dissolved or resuspended in 

triethylamounium acetate buffer, pH7. A stock solution of 10 and 20 μM PPIX were 

prepared. A series of MV solution were prepared with concentrations of 0.036, 0.06, 

0.084, 0.108, 0.36, 0.6, 0.84, 1.08 mM. Total peptides concentration in stock solution is 

1mM. A typical sample is prepared by mixing 50uL of each stock solution of PPIX, MV 

and peptides. The fluorescence excitation wavelength is 397nm with integration time 0.1 

s and increment 1nm. Figure 4-32 shows the excitation spectra of PPIX with the maxima 

excitation at 397nm and was used as the excitation wavelength for all fluorescence 
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emission measurements. 

 

Figure 4-32 Excitation spectra of Protoporphyrin IX.  

 

Time-Resolved Fluorescence Lifetime Measurements 

Time-correlated single photon counting (TCSPC) method was used to measure the 

fluorescence decay of the PPIX. Samples were hold in a 1 cm cuvette and measured at 

the right angle geometry. The output pulses centered at 800 nm (∼100 fs, 80 MHz) from 

amode-locked Ti:Sapphire laser (Tsunami oscillator pumped by a 10 W Millennia Pro, 

Spectra-Physics) were passed through a pulse picker (Conoptics, USA) to reduce the 

repetition rate by a factor of 20 and then frequency-doubled in a BBO crystal to generate 

pump pulses at 400 nm and used to excite PPIX samples. The emissions from PPIX 

were detected by a microchannel-plate photomultiplier tube (Hamamatsu R3809U-51), 

the output of which was amplified and analyzed by a TCSPC board (Becker & Hickel 

SPC 600).  

 

Linear Dichroism 
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This was recorded using a microvolume cuvette with a path length of 50 μm48 and a 

rotation speed of 3000 rpm to establish Couette flow. The background scattering for 

each sample was obtained from the LD spectra of samples at 0 rpm.  

 

Fluorescence imaging 

Samples were loaded onto a 22 × 50 mm #1.5 coverslip in custom holder and enclosed 

with a 22 ×30 mm coverslip. Fluorescence imaging was taken on an Olympus Fluoview 

1000 Confocal Microscope using an Olympus 60X oil immersion (PlanApo N, 1.42 NA) 

objective lens. Each fuorescence intensity acquisition consisted of one frame at 

256×256 pixels with dimensions 212 ×212 mm, 106×106 mm or 70×70 mm and the 

images were acquired approximately 2 mm below the glass surface. The image data 

was analyzed by Olympus Fluoview and FIJI.   

 

Corss-section embedded TEM 

Ac-KLVFFAL peptide sample solution (15 μL) was placed on a glass slide and inverted 

over a 50% gluteraldehyde solution at 60°C for 30 minutes, then placed further over 4% 

OsO4 for 30 minutes in a closed glass Petri dish. The resulting sample was incubated in 

2.5% gluteraldehyde in 0.1 M phosphate buffer (pH 7.4) for 30 minutes, followed by a 

H2O rinse, and further incubation in 2% OsO4 for 30 minutes. This sample was washed 

with H2O, stained with 4% uranyl acetate in 50% ethanol for 10 minutes, dehydrated 

through an ethanol series, ending at 100% and gradually embedded with 812 Epoxy 

resin by: (1) 60 minute incubation in 1:1 Ethanol: 812 epoxy resin, (2) 60 minutes 1:2 

Ethanol: 812 epoxy resin, and (3) 60 minutes in 100% 812 epoxy resin. Samples were 

then thin (70 to 80nm) sectioned using a diamond knife and a RMC MT-7000 

ultramicrotome, placed on TEM grids and post-stained with uranyl acetate and Reynold’s 

lead citrate stain. TEM micrographs were recorded with a Philips 410 TEM using a 

tungsten filament at an accelerating voltage of 75 kV. 
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Chapter 5 Assembly of Lipid-Peptide Chimeras  

Introduction 

Nature’s phospholipids are known to self-assemble spontaneously into supramolecular 

structures with diverse morphologies and achieve remarkable long-range order in 

aqueous environments. Lipid molecules contain both polar and apolar elements and 

such amphiphilicity is one of their main driving forces for self-assembly in aqueous 

environment.  

 

Similar to spontaneous self-assembled phospholipids, other amphiphiles including single 

chain surfactants, peptides and proteins can achieve long-range order in aqueous 

solution. Simple amphiphilic peptides composed of alternating hydrophobic and 

hydrophilic residues assemble into “membrane-like” β-sheet bilayers by effectively 

sequester hydrophobic faces. Diverse morphologies including fibers, tubes, ribbons and 

vesicles, reminiscent of lipid surfactants, can be assembled from four to 20 residue 

peptides. The nucleating core of the Aβ peptide of the Alzheimer’s disease was known to 

organize into bilayer architectures with dimensions similar to biological membranes. 

Although the dynamics of the hydrogen-bonded peptides are certainly different from the 

flexible alkanes of the lipid membranes, the plasticity of laminate packing and their 

potential to respond dynamically to environmental fluctuations suggested peptide 

membranes have organizing potential.  

 

Intense research has focused on incorporation functionality into amphiphilic peptides. 

Apart from all amino-acid peptide amphiphiles, peptides containing non-amino acid 

hydrophobic elements, including one or more long alkyl chains, are known as lipid-

peptide amphiphile or lipid-peptide chimera. Specifically, N-terminally alkylated peptides 

are commonly seen in nature such as the marine siderophores1 and peptaibols2.  

Protein-lipid interactions are often seen in membrane protein anchoring and 

reconstruction3,4 too. The Fields5 and Tirrell6 labs have investigated monoalkylated 

peptides and found that alkyl chains elevate thermal stability of the original peptide 

structures and induce novel helical structures, which the peptides would not form 

otherwise. Stupp et, al have designed amphiphiles built up from four different segments: 

hydrophobic tail, beta-sheet forming segment, charged head groups and bioactive 

epitope7. Their amphiphiles self-assemble into high-aspect-ratio cylindrical nanofibers 

under specific solution conditions (controlled pH, ionic strength, and temperature). They 
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have proposed the combined effect of intermolecular hydrogen bonding among the 

peptide segments and hydrophobic collapse of alkyl tails8. The incorporation of bioactive 

elements has made the nanostructures of great interest in tissue engineering and drug 

delivery applications. Other groups have taken advantage of lipid-peptide amphihiles to 

anchor the peptides into membranes to expose the peptides as receptors for proteins, 

sugars and metal ions.9,10 In all these examples, lipid hydrophobic collapse dominates 

the assemblies to form worm-like micelles. Recently, Lynn and coworkers demonstrated 

that Aβ peptides, not lipid alkanes, dominate self-assembly of lipid-peptide chimeras. 

Covalently coupling various length alkyl chains to the N-terminus of the amphiphilic 

nucleating core of the Alzheimer’s disease peptide---Aβ(16-22), K16LVFFAE22-NH2 form 

ribbons, fibers and nanotubes11. Among them, N-lauroyl-Ab(16-22) (C12-KLVFFAE) 

(Figure 5-1) was selected to be characterized thoroughly. Transmission electron 

microscopy and high-resolution cryo-SEM12 had shown that C12-KLVFFAE self-

assemble as homogeneous nanotubes with slightly larger diameters of 56±8 nm (Figure 

5-1)compared to 52±5 nm of the C2-KLVFFAE tubes. Further powder X-ray diffraction 

revealed similar anti-parallel out-of-register cross-β structures with increased lamination 

distances from 9.8Å to 11.5Å. REDOR NMR 13C–15N distance measurements managed 

to distinguish between extended and bent lauroyl chains. The REDOR NMR fittings 

restrict the chain within the laminated β-sheets consistent with the ɯ-CH3 placed within 

the laminate groves12. 
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Figure 5-1 Structure of N-lauroyl-Ab(16-22) (top) and TEM, cryo-SEM (inset) (bottom) of 1.2 mm N-

lauroyl-Ab(16-22) assembled in 40% acetonitrile/water with 0.1% trifluoroacetic acid for 1–2 weeks. 

Adapted from Ni, R. et, al. Angew. Chem. 2012 with permission from John Wiley and Sons. 

  

 

Figure 5-2 Powder and oriented electron diffraction of N-acyl-Ab(16-22) peptide assemblies. a) X-ray 

powder diffraction of N-lauroyl-Ab(16-22) (red) and N-acetyl-Ab(16-22) tubes (black), indicating that 

each has a 4.7Å H-bonding d spacing but differ in lamination d spacing (9.8 Å vs.11.5Å). Adapted 

from Ni, R. et, al. Angew. Chem. 2012 with permission from John Wiley and Sons.  
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Figure 5-3 Model of lauryl chain packing (red) within β-sheet laminates. Position of lysine residues 

are colored blue, β-sheet backbone shown as grey pleats. Adapted from Ni, R. et, al. Angew. Chem. 

2012 with permission from John Wiley and Sons.  

 

The hybrid architecture model highlights the interactions between alkane and the peptide. 

This “accordion like” expansion of the laminate packing to accommodate lipid chains 

suggests that peptide membranes could display dynamic properties and respond 

dynamically to environmental fluctuations. The most interesting discovery is the 

unexpected plasticity of the cross-β fold to accommodate acyl chains within the stacks of 

the β–sheet laminate. However, the plasticity of these structures is unknown. The 

occupancy of the cavity by shorter C5 to C10 chains11 seem not sufficient to make 

thermodynamically stable assemblies, while longer acyl chains give what appears to be 

more heterogeneous assemblies.  Lipid-peptide chimera is a promising area for 

exploring molecular interactions within a heterogeneous complex system and could 

another powerful strategy for generating asymmetry apart from coassembly of peptides.  

 

In my attempts to better understand the interplay between lipids and peptides in lipid-

peptide chimeras, the dynamic of cross-β fold plasticity was explored using 

conformationally more constrained unsaturated lipid chains.  Along with the discovery of 

stabilization effects of lipid chains on assembled peptides, the peptides elements were 

changed to unassembled ones to test the limits of stabilizing effects of lipid chains. At 

last, lipid-peptide chimeras were allowed to cross-seed or coassemble with peptides as 

initial studies for molecular interactions within complex environments. 
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Results 

Accommodating Unsaturated Lipid Chains within Aβ Peptide Membranes 

Membrane phospholipids are fatty acids with varing lengths and degrees of saturation to 

adjust fluidity of the membrane with different packing arrangements13.  Unsaturated 

chain disrupts packing by putting kinks into otherwise straight hydrocarbon chain and 

consequences lower melting points.  

 

To further evaluate dynamic properties of lipid-peptide chimeras, one double bond was 

placed at positions 2, 5 and 11 with trans and cis conformations of a 12-carbon alkyl 

chain and attached to the N-terminal of Aβ(16-22), K16LVFFAE22-NH2  peptide. They’re 

named as C12:1 (cis-5)-KLVFFAE, C12:1 (trans-5)-KLVFFAE, C12:1 (cis-2)-KLVFFAE, 

C12:1 (trans-2)-KLVFFAE and C12:1 (11)-KLVFFAE, with (C12:1) refers to 12-carbon 

chain and 1 degree of unsaturation following unsaturated phospholipids nomenclature 

(Figure 5-4). Among all five unsaturated lipid-peptide chimeras, C12:1 (trans-2)-

KLVFFAE and C12:1 (11)-KLVFFAE have almost identical conformation with the C12-

KLVFFAE. C12:1 (cis-5)-KLVFFAE, C12:1 (trans-5)-KLVFFAE and C12:1 (cis-2)-

KLVFFAE exhibit more constrained conformations. 
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Figure 5-4 Molecular structure of (A) C12-KLVFFAE, (B) C12:1 (cis-5)-KLVFFAE, (C) C12:1 (trans-5)-

KLVFFAE, (D) C12:1 (cis-2)-KLVFFAE, (E) C12:1 (trans-2)-KLVFFAE and (F) C12:1 (11)-KLVFFAE 

 

The MMFFs force field was used to construct a family of structures within 19kJ/mol of 

lowest energy structure of macromodel conformational search. Three anti-parallel out-of-

register peptides, consistent with previous isotope-edited IR results were constructecd in 

the search with a protonated glutamic acid side chain. The N-lauroyl or N-dodecenoyl 

groups were attached to only the middle chain to approximate an infinitely long-β sheet. 
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All atoms except for the lysine attached to the lauroyl or dodecenoyl chain and the 

lauroyl and dodecenoyl chain were frozen. No distance restraints were used, yet all C12-

KLVFFAE structures had lauroyl chain carbonyl carbon distance of 3.7Å±0.3Å from the 

leucine nitrogen. All other C12:1-KLVFFAE structures showed similar lauroyl chain 

carbonyl carbon distances to the peptide backbone leucine nitrogen despite different 

positions of double bonds. For reference, a fully extended chain, analogous with the 

worm-like micelle model, would have a lauroyl carbonyl carbon distance to the leucine 

nitrogen of 4.5 Å. 

 

Figure 5-5 Family of structures within 19kJ/mol of lowest energy structure of macromodel 

conformational search using the MMFFs force field, for C12-KLVFFAE peptides.  

 

 

Figure 5-6 Family of structures within 19kJ/mol of lowest energy structure of macromodel 

conformational search using the MMFFs force field, for C12:1 (cis-5)-KLVFFAE peptides. (A) Side 

view and (B) top view. 
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Figure 5-7 Family of structures within 19kJ/mol of lowest energy structure of macromodel 

conformational search using the MMFFs force field, for C12:1 (trans-5)-KLVFFAE peptides. (A) Side 

view and (B) top view. 

 

Figure 5-8 Family of structures within 19kJ/mol of lowest energy structure of macromodel 

conformational search using the MMFFs force field, for C12:1 (cis-2)-KLVFFAE peptides. (A) Side 

view and (B) top view. 

 

Figure 5-9 Family of structures within 19kJ/mol of lowest energy structure of macromodel 

conformational search using the MMFFs force field, for C12:1 (trans-2)-KLVFFAE peptides. (A) Side 

view and (B) top view. 
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Figure 5-10 Family of structures within 19kJ/mol of lowest energy structure of macromodel 

conformational search using the MMFFs force field, for C12:1 (11)-KLVFFAE peptides. (A) Side view 

and (B) top view. 

 

Molecular modeling discovered that saturated and unsaturated lipid cross-β peptide 

chimeras seem to adopt the same molecular packing strategy by bending the lipid 

chains in the interior of β-sheets laminates. The cross-β fold possesses remarkable 

potential in structural plasticity.  

 

Self-assembly and Structural Characterization of Lipid-Peptide Chimeras 

To experimentally test the self-assembly of unsaturated lipid-peptide chimeras, cis-5-

dodecenoic acid was synthetically coupled to the N-terminal of uncapped-KLVFFAE 

peptide to give the C12:1(cis-5)-KLVFFAE chimera. C12:1 (cis-5)-KLVFFAE was chosen 

because its conformation is among those different from C12-KLVFFAE in molecular 

modeling studies. 1mM C2-KLVFFAE, C12-KLVFFAE and C12:1(cis-5)-KLVFFAE 

amphiphiles were allowed to self-assemble in 40% acetonitrile/water + 0.1% TFA pH2. 

They all displayed positive maximum ellipticity at 197nm and negative maximum at 

217nm by Circular Dichroism (Figure 5-11) after 1-2 weeks incubation at 4°C.  While all 

of their CD spectra features are consistent with known β-sheet secondary structures, 

their ellipticities were different. C2-KLVFFAE has the highest ellipticity, followed by C12-

KLVFFAE and C12:1(cis-5)-KLVFFAE displayed the lowest among the three. Ellipticity 

at 215 nm of C2-KLVFFAE assemblies is 4 and 14 times of C12-KLVFFAE and 

C12:1(cis-5)-KLVFFAE assemblies, respectively. These differences in ellipticity could be 

both a function of the degree of assembly, and/or the nature of the structures.  
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Figure 5-11 Circular dichroism of 1mM C2-KLVFFAE (black), C12-KLVFFAE (red) and C12:1 (cis-5)-

KLVFFAE (blue) assemblies in 40% MeCN/H2O, 0.1% TFA, pH2 

 

Transmission electron microscopy revealed that all three amphiphiles self-assemble into 

homogeneous nanotubes (Figure 5-12). C2-KLVFFAE and C12-KLVFFAE have similar 

diameters of 48.2 ± 4.1 nm and 51.5 ± 9.6 nm, consistent with previous analyses12. 

However, C12:1 (cis-5)-KLVFFAE self-asesmbled into significantly larger nanotubes 

with an estimated diameter of 81.7±10.1 nm. In addition, C2-KLVFFAE is the most 

homogeneous assembly (±6.5 nm) while C12-KLVFFFAE and C12:1 (cis-5)-KLVFFAE 

have more dispersed distribution of tube width (±12 nm and 12.7 nm). Higher 

homogeneity of C2-KLVFFAE may contribute for its higher ellipticity (Figure 5-11).  

 

 

Figure 5-12 TEM micrographs of (A) C2-KLVFFAE, (B) C12-KLVFFAE and (C) C12:1 (cis-5)-KLVFFAE 

self-assembled as homogeneous nanotubes in 40%MeCN/H2O, 0.1% TFA, pH2 
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Figure 5-13 Nanotube widths distribution of A) C2-KLVFFAE, B) C12-KLVFFAE and C) C12:1(cis-5)-

KLVFFAE. 50-100 tube widths measurements were taken with an average of 3 measurements on 



 

164 
 

each single tube at different positions. The frequency was plotted against widths and fit to Gaussian 

distributions and the diameters were estimated as width*2/π 

 

Powder X-ray diffraction (XRD) reflections on C12:1 (cis-5)-KLVFFAE showed d-

spacing of 4.7 Å and 11.6 Å (Figure 5-14), corresponding to hydrogen-bonded β-

strands and laminations between β-sheets respectively. The lamination distance is 

similar to that of C12-KLVFFAE
12

 and larger than C2-KLVFFAE
14

, consistent with 

molecular modeling of N-dodecenoyl chains being incorporated within β-sheets 

laminations (Figure 5-6). The molecular model for C2-KLVFFAE, C12-

KLVFFAE/C12:1(cis-5)-KLVFFAE were shown in Figure 5-15. 

 

Figure 5-14 Powder X-ray diffraction of C12:1 (cis-5)-KLVFFAE showing reflections at d-spacings of 

4.7 Å and 10.6 Å  
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Figure 5-15 Cartoon model of C2-KLVFFAE (top) and C12-KLVFFAE, C12:1(cis-5)-KLVFFAE (bottom) 

nanotubes. Lipid polar heads are shown in red, positively-charged lysine residues are shown in blue. 

Nonpolar N-lauryol or N-dodecenoyl tails and non-charged rest of the peptide residues are shown in 

grey 

 

Thermal Studies of Lipid-Peptide Chimeras 

Each of the mature lipid-peptide assemblies gives significant circular dichroism (CD) with 

ellipticity minimum at 215 nm (Figure 5-11), a transition diagnostic of β-strands. The 

ellipticity was monitored as temperature increases.  The CD melting profiles (Figure 5-16) 

was fit to the sigmoidal form of the Boltzmann equation (eq 1), a melting temperature, 

Tm, and the slope k. Each assembly displayed a cooperative melt on heating.  

                                                    
    

 
  

  
                               (1) 

Tm of C2-KLVFFAE is 48.6±8 C, consistent with previous analyses15. C12-KLVFFAE and 

C12:1(cis-5)-KLVFFAE melted at 55.5±8.3°C and 51.4±7.7°C respectively. Lipid-peptide 

chimeras melted at higher temperatures than the peptide assemblies, revealed a 

stabilizing effect of hydrophobic alkyl chains, which is very likely resulted from more 

stable hydrophobic collapses. 
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Figure 5-16 Melting profiles for (A) C2-KLVFFAE with Tm 48.6 °C; (B) C12-KLVFFAE with Tm 55.5 °C; 

(C) C12:1(cis-5)-KLVFFAE Tm 51.4 °C. Fitting equations are y=-1671.6+ (-6131.8+1671.6)/(1+exp((T-

48.6)/8)),  y=-3233+ (-5410.5+3233)/(1+exp((T-55.5)/8.3)) and y=-102.7+ (-3165.6+102.7)/(1+exp((T-

51.4)/7.7)) 



 

167 
 

Surfactant molecules can display complex phase behavior when dispersed as a liquid 

colloid in aqueous environments.16 The condition for C2-KLVFFAE nanotube assembly 

has been optimized in 40% acetonitrile acidified with trifluoroacetic acid (TFA), and 

subtle changes to these conditions induce transitions through different phase barriers. 

To investigate the temperature dependence of the transition barriers, each peptide is 

solublized in 40% acetonitrile containing 0.1% TFA and split into three equal aliquots to 

incubate at  4 °C, 37°C or 55 °C until thermodynamic equilibrium is achieved by CD 

(Figure 5-17). All assemblies exhibited maximum ellipticity at 215 nm at 4°C. C12-

KLVFFAE and C12:1(cis-5)-KLVFFAE’s β-structure ellipticities maintained stable when 

temperature is elevated to 37 °C, whereas ellipticity of C2-KLVFFAE at 37 °C decreased 

by 10% of the 4°C nanotubes, consistent with minimum paracrystalline structures 

(Figure 5-17) . TEM micrographs demonstrated that spherical particle structures were 

found at 37 and 55 °C in C2-KLVFFAE (Figure 5-18). High temperature clearly inhibits 

the propagation of any preformed aggregates into nanotubes for C2-KLVFFAE. With the 

addition of alkyl chains, C12-KLVFFAE and C12:1(cis-5)-KLVFFAE nanotubes had 

higher thermal stability and stayed as nanotubes when assembled at 37 °C. At 55 °C, At 

55 °C, no ellipticity was apparent for all assemblies and they all failed to assemble into 

paracrystalline ordered structures (Figure 5-19). 

 

Thermal studies show that lipid-peptide chimeras have higher thermal stability than 

peptides. When temperature is raised above melting temperature, peptides tend to 

undertake phase transitions from nanotubes to particles, while lipid-peptide chimeras 

seem to disassemble. 
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Figure 5-17 Circular Dichroism of C2-KLVFFAE, C12-KLVFFAE and C12:1(cis-5)-KLVFFAE 

assembled from monomer under 4, 37 or 55 °C respectively for a week 

 

Figure 5-18 TEM micrographs of (A) C2-KLVFFAE assembled as particles (B) C12-KLVFFAE 

assembled as nanotubes and (C) C12:1(cis-5)-KLVFFAE assembled as nanotubes at 37 °C  
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Figure 5-19 TEM micrographs of (A) C2-KLVFFAE assembled as particles, (B) C12-KLVFFAE with no 

ordered assemblies and (C) C12:1(cis-5)-KLVFFAE with no ordered assemblies at 55 °C 

To further confirm the spherical particles are transitioned through phase barriers, 

matured nanotubes were formed first at 4 °C and spun down to be resuspended in fresh 

solvents. The new solutions were reincubated at 37 °C for 3 days. Spherical particles 

were seen again in C2-KLVFFAE assemblies, confirmed that the particles can be 

transformed from nanotubes (Figure 5-20). C12-KLVFFAE and C12:1(cis-5)-KLVFFAE 

stayed stable as nanotubes under same temperature transitions. 

 

Figure 5-20 TEM micrographs of mature nanotubes formed at 4°C and reincubated at 37 °C: (A) C2-

KLVFFAE transformed from nanotubes to spherical particles, (B) C12-KLVFFAE and (C) C12:1(cis-5)-

KLVFFAE stayed as nanotubes 

 

Modulating Conformation and Aggregation Capability of Peptides via Lipidation 

The sequence properties of peptide region in the peptide-amphiphiles are critical for the 

formation of unique assemblies. For example, our lipid-peptide amphphiles are 

structurally distinct from the cylindrical fibrils models17-19 presented by Stupp’s lab. The 

N-terminal palmitoylated peptide used in Stupp’s lab contains IKVAV, which can not form 

a hydrophobic pocket to desolvate alkyl chains. In contrast, the central five hydrophobic 

residues in Aβ (16-22) (KLVFFAE) peptide could create a hydrophobic environment to 

bury alkyl chains. As a result, the lipid-peptide chimera C12-KLVFFAL self-assembles as 

homogeneous ordered nanotubes with increased lamilations compared to the C2-
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KLVFFAE peptide nanotubes. In this section, peptides will be modulated as unstructured 

assemblies to test how lipidation controls conformation and aggregation capability of the 

peptides.  

 

Previous MD simulations predicted the aromatic stacking within the Phe-Phe core of Aβ 

(16-22) (KLVFFAE), includes edge-to face interactions between F19/F20 in the fibers 

and F19/F19 and F20/F20 in the tubes, as well as Phe-Phe offset stacked interaction 

between adjacent strands from different sheets14. The experimental studies supported 

this argument when FF dyad in Aβ (16-22) (KLVFFAE) peptide was replaced with 

isoleucine (II), tyrosine (YY) and tryptophan (WW) dyad.14,20  Under identical assembly 

conditions, all C2-KLVIIAE, C2-KLVYYAE and C2-KLVWWAE peptides failed to 

assemble20. It’s hypothesized that addition of alkyl chains to these peptides will increase 

the aggregation capability by both increasing the hydrophobicity and compensating the 

packing cavity with bulky alkyl chains.  

 

N-lauroyl chains were synthetically coupled to the N-terminal of uncapped-KLVIIAE, -

KLVYYAE, and -KLVWWAE peptides to give C12-KLVIIAE, C12-KLVYYAE and C12-

KLVWWAE chimeras. 1mM lipid-peptide amphiphiles were allowed to self-assemble in 

40% acetonitrile/water with 0.1% TFA (pH2) at 4°C. C2-KLVIIAE, C2-KLVYYAE and C2-

KLVWWAE were assembled under the exactly same condition as controls. All of the 

peptides didn’t display obvious β-sheet ellipticity after 3 weeks incubation except that 

C2-KLVIIAE showed a dispersed peak at 210nm (Figure 5-21). On the opposite, all the 

lipid-peptide chimeras displayed positive maximum ellipticity at 197nm and negative 

maximum at 218nm within 1 week, consistent with β-sheet secondary structures (Figure 

5-21), supported the hypothesis that lipidation increases the aggregation capability of the 

peptides.  
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Figure 5-21 Circular dichroism of C2-KLVIIAE (black), C2-KLVYYAE (red) and C2-KLVWWAE (blue). 

C12-KLVIIAE (magenta), C12-KLVYYAE (green) and C12-KLVWWAE (orange). All lipid-peptide 

chimeras and peptides were incubated in 40% MeCN/H2O with 0.1% TFA (pH2) at 4°C  

 

After 3 weeks incubation in 40% MeCN/H2O, Ac-KLVIIAE formed amorphous filaments 

(Figure 5-22A), consistent with the broad negative ellipticity (Figure 5-21). With the 

addition of acyl chain, however, C12-KLVIIAE self-assembled into quite homogeneous 

nanotubes (Figure 5-22B). The diameter of C12-KLVIIAE nanotubes was estimated as 

55.5±7 nm, comparable to that of C12-KLVFFAE nanotubes. The 1mM Ac-KLVYYAE 

peptide lost the self-assembly ability completely in 40% MeCN/H2O (Figure 5-22C). 

Considering the relative less hydrophilicity of Y compared with F, even in water, the YY 

peptide didn’t assemble into twisted fibrils until the concentration was increased to 4 

mM20. Neverthelss, C12-KLVYYAE was able to assemble into bundled fibers with an 

average bundle widths of 10-20nm (Figure 5-22D) within a week of incubation in 40% 

MeCN/H2O. Similar to Ac-KLVYYAE, Ac-KLVWWAE peptide didn’t manage to assemble 

in  40% MeCN/H2O at pH2 (Figure 5-22E). C12-KLVWWAE self-assembled into both 

fibrils (Figure 2-24F) particles (Figure 5-22G). The fibrils have average widths of 5-10nm. 

The particles have two sizes of 80.8 ± 21.1and 177.6 ± 26.2 nm respectively (Figure 5-

24), an order of magnitude smaller than the transient intermolecular molten globules 

reported at room temperature21. These results revealed that based on different 
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molecular geometry, charge distribution and hydrophobic residue sizes of the peptides, 

lipidation could modulate the conformation of the assemblies.   
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Figure 5-22 TEM micrographs of (A) C2-KLVIIAE; (B) C12-KLVIIAE; (C) Ac-KLVYYAE; (D) C12-

KLVYYAE, (E)Ac-KLVWWAE; (F) and (G) C12-KLVWWAE. All lipid-peptide chimeras and peptides 

were incubated in 40% MeCN/H2O with 0.1% TFA (pH2) at 4°C  

   

70 80 90 100 110
0

1

2

3

4

5

6

7

F
re

q
u

e
n

c
y

Width (nm)

C12-KLVIIAE

Width 87.1  10.9 nm

Diameter 55.5  7 nm 

 

Figure 5-23 Width measurements from TEM images of C12-KLVIIAE. 50-100 tube widths 

measurements were taken with an average of 3 times measurements on a single tube at different 

positions. The frequency was plotted against width and fit to Gaussian distribution with a center at 

87.1 nm and a distribution width of 10.9nm. The diameter was estimated as width*2/π as 55.5 ± 7 nm 



 

175 
 

60 80 100 120 140 160 180 200
0

1

2

3

4

5

6

7

8

C12-KLVWWAE

Width 80.8  21.1 nm and 177.6  22.2 nm 

F
re

q
u

e
n

c
y

Width (nm)
 

Figure 5-24 Width measurements of particles from TEM images of C12-KLVWWAE.  50-100 particle 

widths measurements were taken. The frequency was plotted against width and fit to bimodal 

Gaussian distribution of 80.8 ± 21.1and 177.6 ± 26.2 nm  

 

X-ray diffraction patterns for C12-KLVIIAE and C12-KLVYYAE showed two sharp, 

intense diffraction rings at 4.7 and 10.5 Å (Figure 5-25 and 5-26) suggesting the sample 

polycrystallinity. The 4.7 Å reflection is consistent with the typical β-sheet hydrogen-

bonding repetitive structure. The 10.5 Å is consistent with lamination distances. Despite 

the remarkable morphological differences between nanotubes and fibers, the same 

cross-β structures are conserved in C12-KLVIIAE and C12-KLVYYAE assemblies.  
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Figure 5-25 Powder X-ray diffraction of C12-KLVIIAE showing reflections at d-spacings of 4.7 Å and 

11.5 Å 

 

Figure 5-26 Powder X-ray diffraction of C12-KLVYYAE showing reflections at d-spacings of 4.7 Å and 

11.6 Å 

 

Next, the charged residue lysine switched from N-terminal to C-terminal and 1) the 

hydrophobic core LVFFA was reversed to give EAFFVLK or 2) the hydrophobic core 

LVFFA was maitained the same to give ELVFFAK.  

 

N-lauroyl chain was synthetically coupled to the N-terminal of uncapped-EAFFVLK, 

ELVFFAK peptides to give C12- EAFFVLK, and C12-ELVFFAK  chimeras. 1mM lipid-

peptide amphiphiles were allowed to self-assemble in 40% acetonitrile/water  with 0.1% 

TFA (pH2) at 4 °C. C2- EAFFVLK, and C2-ELVFFAK peptides were assembled under 
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the exactly same condition as controls. Neither peptides (C2-EAFFVLK and C2-

ELVFFAK) managed to self-assemble in 40% acetonitrile/water. Instead, C2-ELVFFAK 

formed nanotubes (~ 130 nm) and thin ribbons and C2 EAFFVLK assembled into twisted 

fibrils in pH2 water20. Interestingly, upon addition of alkyl chains, both lipid-peptide 

chimeras achieved strong self-assemble propensity as shown in figure 5-27. C12- 

EAFFVLK and C12-ELVFFAK exhibited diagnostic β-sheet ellipticity(Figure 5-27). Both 

CD spectras are more resemblance to β-sheet fibrils instead of β-sheet nanotubes, as β-

sheet nanotubes tend to have stronger negative ellipiticity peak than the positive 

ellipticity peak and β-sheet fibrils usually have similar ellipticity intensities at both positive 

and negative peaks. TEM micrographs supported the CD spectras as both assemblies 

form homogeneous fibrils. However, C12-EAFFVLK assembled into short straight fibrils 

(Figure 5-28) while C12-ELVFFAK assembled into longer and twisted fibrils (Figure 5-

29).  
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Figure 5-27 Circular dichroism of C2-EAFFVLK (black) and C2-ELVFFAK (red), C12-EAFFVLK (blue) 

and C12-ELVFFAK (magenta). All lipid-peptide chimeras and peptides were incubated in 40% 

MeCN/H2O with 0.1% TFA (pH2) at 4°C. C12-EAFFVLK displayed maximum at 193 nm and minimum 

at 205, C12-ELVFFAK displayed maximum at 197 nm and minimum 213 nm  
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Figure 5-28 TEM micrograph of C12-EAFFVLK self-assembled as fibers in 40% MeCN/H2O, pH2. 

Scale bar are 0.2 (left) and 0.1 μm (right) respectively 

 

Figure 5-29 TEM micrograph of C12-ELVFFAK self-assembled as fibers in 40% MeCN/H2O, pH2. 

Scale bar are 0.2 (left) and 0.1 μm (right) respectively 

 

Differed from previous C12-KLVIIAE and C12-KLVYYAE assemblies, X-ray powder 

diffraction of C12-EAFFVLK and C12-ELVFFAK showed only one sharp, intense 

diffraction rings at 4.7 consistent with hydrogen-bonding distances. However, the lack of 

extended β–sheet laminations suggested these two assemblies might undergo 

completely different assembly patterns. They are very likely assembled into worm-like 

micelle structures with lipid tails dominating the assembly when the peptides completely 

lost their assembly propensity.  
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Figure 5-30 Powder X-ray diffraction of C12-EAFFVLK showing a strong reflection at d-spacings of 

4.7 Å and a weak broad reflection at  11.2 Å  
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Figure 5-31 Powder X-ray diffraction of C12-ELVFFAK showing a strong reflection at d-spacings of 

4.7 Å and a weak broad reflection at  11.2 Å 

 

In order to further test if lipid chains dominate the assembly at pH 2, the C12-ELVFFAK 

peptide was allowed to assemble at pH7. Strikingly, it assembled into homogeneous 
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nanotubes and showed typical nanotube cross-β signature (Figure 5-32). At pH 2, only 

lysine is charged and the assembly is mostly driven by V-A and F-F packing. At neutral 

pH, both K16 and E22 residues are charged, and the K-E salt-bridge, which is a strong 

pairing code, appears to direct assembly, highlighted K-E analog code is more powerful 

than V-A and F-F analog code. The K-E code is so strong that it made peptides 

dominate in the lipid-peptide chimera self-assembling process.   

 

Figure 5-32 Circular dichroism and TEM micrograph of C12-ELVFFAK in 40%MeCN/H2O, pH7  

 

Coassembly of Lipid-Peptide Chimeras 

Intricately complex multi-component assemblies are seen everywhere in nature. In order 

to better understand peptide specificity and further examine the plasticity of lipid-peptide 

chimeras, C2-KLVFFAE and C12-KLVFFAE are allowed to coassemble in 40% 

MeCN/H2O pH2 at 1:1, 9:1 and 99:1 ratios. Both peptides were treated with HFIP to 

ensure no preformed aggregates. Quite a few insights can be drawn from Circular 

Dichroism, TEM and diffraction studies.  

1) All coassemblies exhibited β-sheet ellipticity. The coassembly ellipticity is not a 

simple sum of each components, but much larger than a sum of each components, 

suggesting a mutual stabilization relationship (Figure 5-33, 5-34 and 5-35). 

2) When total peptides concentration is maintained the same as 1.3mM, 9:1 and 

99:1 coassemblies exhibited higher ellipticity then 1:1 coassemblies. Therefore, the 

coassemblies could be heterogeneous structures with different β-sheet propensities 

(Figure 5-33, 5-34 and 5-35). 
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3) TEM of the coassemblies showed the existence of tubes with same sizes of C2-

KLVFFAE and C12-KLVFFAE (Figure 5-36 C and D), ribbons (Figure 5-36 E and F) and 

amorphous structures (Figure 5-36 G). All structures were observed in co-assemblies 

depite ratio differences. Self-sorting events clearly took place during coassembing. In 

addition, new nucleation events have taken place as supported by the formation of 

ribbons.  

4) X-ray powder diffraction (Figure 5-37) of the coassembly at 1:1 ratio confirms the 

existence of both 9.8 β-sheet hydrogen-bonding distances and 11.5 Å β-sheet 

laminations, consistent with the self-sorting events. However, the reflections of other 

structures such as ribbons were not shown, possibly masked by the tubes 

paracrystalline features.  
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Figure 5-33 Circular Dichroism of C2-KLVFFAE 0.65mM alone (black), C12-KLVFFAE 0.65mM alone 

(red) and mixed peptides coassemblies in 1:1 ratio, 0.65mM each (blue). All display minimum at 220 

nm and maximum at 197 nm, consistent with β-sheet secondary structure 
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Figure 5-34 Circular Dichroism of C2-KLVFFAE 1.17mM alone (black), C12-KLVFFAE 0.13mM alone 

(red) and mixed peptides coassemblies in 9:1 ratio, 1.17mM and 0.13 mM respectively (blue). 0.13mM 

C12-KLVFFAE barely assembled with weak ellipticity, 1.17 mM C2-KLVFFAE and coassemblies 

display minimum at 220 nm and maximum at 197 nm, consistent with β-sheet secondary structure  
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Figure 5-35 Circular Dichroism of C2-KLVFFAE 1.287mM alone (black), C12-KLVFFAE 0.013mM alone 

(red) and mixed peptides coassemblies in 99:1 ratio, 1.287mM and 0.013 mM respectively (blue). 

0.013mM C12-KLVFFAE barely assembled with weak ellipticity, 1.287 mM C2-KLVFFAE and 

coassemblies display minimum at 218 nm and maximum at 197 nm, consistent with β-sheet 

secondary structure 
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Figure 5-36 TEM micrographs of (A) C2-KLVFFAE assembled as homogeneous nanotubes; (B) C12-

KLVFFAE assembled as homogeneous nanotubes; (C) nanotubes (D) nanotubes (E) ribbons (E) 

ribbons (G) fibrils that are observed in coassemblies of C2-KLVFFAE and C12-KLVFFAE in all 1:1, 

9:1 and 99:1 coassemblies 



 

185 
 

2 4 6 8 10 12 14 16 18 20 22
0

2000

4000

6000

8000

10000

12000

14000 11.6 Å 10 Å 

In
te

n
s

it
y

d-spacing (Å)

 C2-KLVFFAE + C12-KLVFFAE

4.7 Å 

 

Figure 5-37 Powder X-ray diffraction of mixed C2-KLVFFAE and C12-KLVFFAE coassemblies in 1:1 

ratio showing reflections at d-spacings of 4.7 Å, 10 Å and 11.6 Å 

 

Cross-Seeding of Lipid-Peptide Chimeras 

With above preliminary evaluation of peptide mixing compatibility, cross-seeding 

experiments were conducted to understand lipid and peptide collaborations and 

competitions. Peptides were allowed to assemble into matured structures and sonicated 

for 2-3 hours as seeds. The seeds were then added to peptide monomers treated with 

HFIP to prevent any preformed structures.  

 

First, C2-KLVFFAE peptide monomers were seeded by 1% and 10% C12-KLVFFAE 

respectively. CD (Figure 5-38) showed that seeded assemblies exhibit higher ellipticities 

than unseeded peptides.  Figure 5-39 contain TEM images of seeded assemblies, 

nanotubes of both C2-KLVFFAE and C12-KLVFFAE sizes were observed along with 

large amounts of ribbons. The result is comparable to that of coassembly except no 

amorphous aggregates were seen in seeding experiments anymore. Seeding seems to 

be more effective in directing new nucleation events than coassembly. 
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Figure 5-38 Circular Dichroism of C2-KLVFFAE alone (black), C12-KLVFFAE alone (red) C2-KLVFFAE 

seeded by 1% C12-KLVFFAE (blue)  and 10% C12-KLVFFAE (magenta). All assemblies display 

minimum at 222 nm and maximum at 202 nm, consistent with β-sheet secondary structure 
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Figure 5-39 TEM micrographs of (A) unseeded C2-KLVFFAE; (B) C12-KLVFFAE seed parent;  (C) 

ribbons and (D) nanotubes that are observed in C2-KLVFFAE seeded by 1% or 10% C12-KLVFFAE  

 

Nest, C2-KLVFFAE was seeded by all previous studied lipid-peptide chimeras including 

C12:1 (cis-5)-KLVFFAE, C12-KLVIIAE, C12-KLVYYAE, C12-EAFFVLK and C12-

ELVFFAK. Seed parent solutions all assembled into matured nanostructures as 

described in previous sections in this chapter and confirmed by CD and TEM.  

CD (Figure 5-40) showed that when seeded by C12:1 (cis-5)-KLVFFAE, C2-KLVFFAE 

assemblies exhibited almost 10 times higher ellipticity than unseeded peptides.  Figure 

5-41 contains TEM images of seeded assemblies. Interestingly, nanotubes with C2-

KLVFFAE sizes were observed with splited ends or growing ends. Twisted fibrils were 

observed in the seeded solution, too.  
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Figure 5-40 Circular Dichroism of C2-KLVFFAE 0.23mM alone (black), C12:1 (cis-5)-KLVFFAE 0.23 

mM alone (red) and C2-KLVFFAE peptide monomers seeded by 50% C12:1 (cis-5)-KLVFFAE (blue), 

displayed ellipticity minimum at 218 nm and maximum at 197 nm 
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Figure 5-41 TEM micrographs of (A) unseeded C2-KLVFFAE; (B) C12:1 (cis-5)-KLVFFAE seed parent; 

(C) ribbons and (D) fibrils that are observed in C2-KLVFFAE seeded by 50% C12:1 (cis-5)-KLVFFAE 

assemblie 

 

Although almost no difference in ellipticity when C2-KLVFFAE was seeded by C12-

KLVIIAE, the ellipticity maximum and minimum wavelengths were shifted (Figure 5-42). 

Figure 5-43 contains TEM images of seeded assemblies, nanotubes of both C2-

KLVFFAE and C12-KLVIIAE sizes were observed along with large amounts of fibrils. 
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Figure 5-42 Circular Dichroism of C2-KLVFFAE 0.23mM alone (black), C12-KLVIIAE 0.23 mM alone 

(red) with ellipticity minimum at 218 nm and maximum at 197 nm and C2-KLVFFAE peptide 

monomers seeded by C12-KLVIIAE  (blue) with ellipticity minimum at 220 nm and maximum at 200 

nm consistent with β-sheet secondary structure  
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Figure 5-43 TEM micrographs of (A) unseeded C2-KLVFFAE; (B) C12-KLVIIAE seed prarent; (C) and 

(D) C2-KLVFFAE seeded C12-KLVIIAE in 1:1 ratio. Blue arrows: tubes with same sizes as C12-

KLVIIAE; Red arrow: tubes with same sizes as C12-KLVIIAE; Magenta arrow: fibrils 

 

CD spectra (Figure 5-44) showed that when seeded by C12-KLVYYAE, C2-KLVFFAE 

assemblies exhibited slightly higher ellipticity than unseeded peptides.  Figure 5-45 

contains TEM images of seeded assemblies. Similar fibrils to the original C12-KLVYYAE 

were observed.  
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Figure 5-44 Circular Dichroism of C2-KLVFFAE 0.23mM alone (black), C12-KLVYYAE 0.23 mM alone 

(red) and C2-KLVFFAE peptide monomers seeded by C12-KLVYYAE (blue) with minimum at 218 nm 

and maximum at 197 nm consistent with β-sheet secondary structure  

 

 

Figure 5-45  TEM micrographs of (A) unseeded C2-KLVFFAE; (B) C12-KLVYYAE seed parent; (C) 

C12-KLVYYAE seeded by 50% C2-KLVFFAE 

 

CD (Figure 5-46) showed that when seeded by C12-EAFFVLK, C2-KLVFFAE 

assemblies exhibited higher ellipticity than unseeded peptides.  Figure 5-47 contains 

TEM images of seeded assemblies. Similar fibrils to the original C12-EAFFVLK were 

observed in seeded assemblies.  
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Figure 5-46 Circular Dichroism of C2-KLVFFAE 0.23mM alone (black), C12-EAFFVLK 0.23 mM alone 

(red) and C2-KLVFFAE peptide monomers seeded by C12- EAFFVLK (blue) with minimum at 218 nm 

and maximum at 197 nm consistent with β-sheet secondary structure  

 

Figure 5-47 TEM micrographs of (A) C2-KLVFFAE; (B) C12-EAFFVLK; (C) C12-EAFFVLK seeded by 

50% C2-KLVFFAE 

CD (Figure 5-48) showed that when seeded by C12-ELVFFAK, C2-KLVFFAE 

assemblies exhibited higher ellipticity than unseeded peptides.  Figure 5-49 contains 

TEM images of seeded assemblies. Fibrils were observed in seeded assemblies, 

however, they displayed as straight fibrils, contrast to the original C12-ELVFFAK fibrils 

which are more twisted.  
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Figure 5-48 Circular Dichroism of C2-KLVFFAE 0.23mM alone (black), C12-ELVFFAK 0.23 mM alone 

(red) and C2-KLVFFAE peptide monomers seeded by C12-ELVFFAK (blue) with minimum at 218 nm 

and maximum at 197 nm, consistent with β-sheet secondary structure  

 

Figure 5-49 TEM micrographs of  (A) unseeded C2-KLVFFAE; (B) C12-ELVFFAK seed parent; (C) 

C12-ELVFFAK seeded by 50% C2-KLVFFAE  

 

All seeding results were summarized in Table 2-2. All lipid-peptide chimeras and 

peptides coassemblies presented different structural features compared the lipid-peptide 

chimeras or the peptide assemblies.  The results highlighted the structural compability 

between lipid-peptide amphiphiles and peptides. Systematically control of seeding 

conditions and concentration ratios will push the assemblies towards homogeneous.   
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Table 5-1 Summary of morphologies observed by TEM in seeding experiments. All assemblies were 

incubated in 40% MeCN/H2O, pH2. C2-KLVFFAE monomers were seeded by the following peptides in 

1:1 concentration ratio. C2-KLVFFAE self-assembles into homogeneous nanotubes with ~48nm 

diameter.  

Seed sequence Seed parent morphology Seeded assemblies 

morphology 

C12-KLVFFAE Nanotubes ~52nm diameter Nanotubes ~50nm diameter 

and ribbons 

C12:1(cis-5)-

KLVFFAE 

Nanotubes ~82nm diameter Nanotubes ~50nm diameter 

and fibrils 

C12-KLVIIAE Nanotubes  ~56nm diameter  Nanotubes ~50nm diameter 

and fibrils 

C12-KLVYYAE Fibrils, gel-like, 10-20 nm 

width 

Fibrils, gel-like, 10-20 nm 

width 

C12-KLVWWAE Fibrils 5-10nm width and 

particles ~81 and 178 nm 

width 

N/A 

C12-EAFFVLK Short, straight fibrils 5-10 nm 

width 

Fibrils 

C12-ELVFFAK Twisted fibrils 5-10 nm width Straight fibrils 5-10 nm width 

 

Conclusions 

This chapter highlights the remarkable plasticity of the cross-β structures. It is able to 

accommodate saturated (C12-KLVFFAE) as well as unsaturated acyl chains (C12:1 (cis-

5)-KLVFFAE) within the interior of the β-sheet laminates. The acyl chains are positioned 

to fill a well-defined cavity around the side chains of the peptides and such packing is 

more delicate than we expected before. In fact, when the peptide sequence core F-F 

dyad was adjusted to residues with different geometry (II, YY and WW) or N-terminal 

lysine was switched to C-terminal (ELVFFAK and EAFFVLK), the lipid-peptide 

amphiphiles will self-assemble into drastically different morphologies. Overall, acyl 

chains direct cross-β assemblies and creates complementary β-sheet surfaces. The 

ability to systematically alter the solvent accessible surfaces, that already known to bind 

molecules22,23 and metals24,25 by simply incorporating lipid chains with different saturation 
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degrees within the cross-β folds provide new strategies for the construction of ordered 

mesoscale assemblies with unique functionalities.  

 

The stabilizing effects on peptide secondary structures by the attachment of hydrophobic 

alkyl chains were discovered in thermal stability examination section. Use of lipidation to 

introduce hydrophobicity/amphiphilicity into short unstructured peptide sequences in 

order to control its final conformation and aggregation capability was demonstrated in 

this chapter, too. In fact, post-translational lipidation is widely seen in cells that could 

lead to the enhancement or redirection of biological function26-30. Acylated peptides and 

proteins with long-chain, saturated lipids have been demonstrated to extend biological 

action31,32 and induce membrane association.33,34  Inspired from biology, lipid-conjugation 

is becoming a powerful tool to engineer peptide assemblies35. These studies on lipid-

peptide chimeras can be utilized for studying the mechanisms of post-translational 

lipidation and protein-membrane interactions. They are of great importance for the lipid 

sequestering of amyloid proteins implicated in Alzheimer’s and other neurodegenerative 

disease mechanism.36,37  

 

Successful cross-seeding and coassembling between peptides and peptide-lipid 

amphphiles further supports the unique plasticity of the cross-β assemblies. Due to the 

complexity of these processes however, further investigations are still needed to be 

carried out to clarify the molecular mechanism for colloborative interactions between 

lipid-peptide chimeras. The advantages of lipid-peptide chimeras are that they are easy 

to be designed and synthesized, which could guarantee their quality and purity; 

moreover, the biocompatibility of lipid-peptide chimeras makes them perfect materials for 

biological and biomedical applications. The foresight of constructing tailor made self-

assembling lipid-peptide chimeras, with high levels of structural and functional control 

has such a high potential in widespread application as immunogenic constructs, 

peptidomimetics, bioactive nanomaterials or antimicrobial agents7,38. 

 

 

 

Methods 

Peptide synthesis and purification 
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Peptides were synthesized using a Liberty CEM Microwave Automated Peptide 

Synthesizer (NC, USA) and a FMOC-Rink Amide MBHA Resin (AnaSpec, CA, USA). 

FMOC-Rink Amide MBHA Resin was swollen using dimethylformamide for 15 minutes. 

Microwave assisted FMOC deprotection was completed using 20% piperdine in 

dimethylformamide at 45-55°C for 180 sec, followed by 3X dimethylformamide flushes. 

Each FMOC-amino acid coupling step was performed using 0.1M FMOC protected 

amino acid and activated with 0.1 M 2-(1H-Benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU), and 0.2 M N,N –

Diisopropylethylamine (DIEA) in DMF. Coupling temperatures using microwave were 

maintained between 75-82°C for 300 sec, then rinsed with three aliquots of 

dimethylformamide.  Final acetylation of the N-terminus was achieved by addition 20% 

acetic anhydride in dimethylformamide. For lipid-amphphiles synthesis, no final 

acetylation will be conducted leaving a free-NH2 on the N-terminal of the peptide. Resin 

was filtered and washed with dichloromethane and allowed to air dry. Peptides were 

cleaved from the resin using trifluoroacetic acid/thioanisole/1,2-ethanedithiol/anisole (90: 

5 : 3 : 2, v/v/v/v) at room temperature for 3 hrs. The cleaved peptide-TFA solution was 

filtered, and precipitated by drop-wise addition to cold (-20°C) diethyl ether. Precipitated 

product was centrifuged at 3000 rpm for 10 min, and the pellet was further washed 3 

times with cold diethyl ether. Dried peptides were dissolved in minimal volume of 40% 

acetonitrile/H2O + 0.1% trifluoroacetic acid and purified by RP-HPLC using a C18-

reverse phase column with an acetonitrile-water gradient. Molecular weight was 

confirmed by MALDI-TOF using a 2,5-dihydroxybenzoic acid matrix. 

 

Lipid-peptide coupling 

Lauric acid (w261408, Aldrich) or Cis-5-Dodecenoic acid (445029 Aldrich) were 

purchased and used with no further purification. Peptide was prepared on a solid support 

resin using FMOC microwave-assisted peptide synthesis without final acetylation leaving 

a free-NH2 on the N-terminal of the peptide. The resin was washed with DCM before the 

coupling reaction. For coupling of alkyl chains, a 3x molar equivalent (assuming a 

0.1mmol scale for peptide synthesis) of lauric acid or cis-5-dodecenoic acid was added 

to a minimal volume of DCM and stirred to dissolve. To this solution 6 equivalents of 

DIPEA was added. After 10 minutes, 6 equivalents of HBTU was added to the solution 

for activation. After another 10 minutes, the resin slurry was added to this solution. 

Reaction was stirred overnight under N2  gas and was monitored by TLC. Following 
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either reaction, the resin was washed with 1:1 DMF:DMSO (2x), DMF (2x) and DCM (2x) 

to remove excess lauric acid or cis-5-dodecenoic acid from the resin. Resins were then 

dried and the peptides cleaved as previously described. 

Peptide self-assembly 

Peptide powders were dissolved in HFIP to make sure no pre-formed aggregates were 

present before assembly and dried via a centrivap concentrator. The HFIP treated 

peptide sample was dissolved in 40% acetonitrile/water, with 0.1% TFA, pH tested as 2. 

Incubation at 4°C for 1-2 weeks was generally required for the sample maturation. 

 

Peptide seeding experiments 

Seed parent solution were allowed to mature in 40% acetonitrile/60% water + 0.1% TFA 

solution 4Cand sonicated for 2-3 hours before seeding experiments. For a monomer 

pool, the purified peptide was dissolved in HFIP to disrupt any preformed nuclei and then 

the solvent was evaporated via a centrivap concentrator. The peptide monomer was 

resuspended at in a 40% acetonitrile/60% water solution that was then adjusted to pH 

2.0 by adding 0.1% TFA. The molar percentage indicated of seed parent solution was 

added to the Aβ(16-22) monomer. The solutions were incubated at 4C for until matured 

as indicated by CD.  

 

Circular Dichroism and melting 

CD spectra were recorded using a JASCO J-810 spectropolarimeter fitted with a Peltier 

temperature controller. Samples (25 μL) were placed into a quartz cuvette with a 0.1 mm 

path length (Starna Cells). Each spectrum was obtained by scanning wavelength from 

260 nm to 190 nm at a scanning rate of 100 nm/min with a resolution of 0.2 nm. Three 

successive wavelength scans were averaged for each sample. Buffer control spectra 

were averaged and subtracted from the sample spectra. 

 

An aliquot (50-70 μ L) of peptide assemblies was placed in 0.1mm path length 

demountable window cell with Teflon tape wrapped around the window edges to 

minimize evaporation. Initially, CD at 215 nm was recorded over a 15 minute period at 

controlled starting temperature (4C) until CD signature of solution stabilized. After 

temperature incubation, the ellipticity at 215 nm was recorded as a function of 

temperature in increments of 2 °C/min and fit to the sigmoidal form of the Boltzmann 

equation. 
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The ellipticity ([θ]observedmdeg) was converted to mean residue ellipticity ([θ], 

deg·cm2·dmol-1) with the equation [θ]=[θ]obs/(10×n×C×l), in which, n is the number of 

peptide bonds, C is the concentration (mol/L) and l is the path length of the cell (cm). 

 

Transmission Electron Microscopy Imaging 

Upon addition to TEM grid (carbon/copper), the peptide assemblies were allowed to 

adsorb for 1 min. Excess peptide solution was wicked away with filter paper. 2-wt % 

uranyl acetate was added to TEM grids and incubated for 3-5 minutes. Samples were 

then placed in a vacuum dessicator overnight. TEM micrographs were recorded with a 

Hitachi 7500 TEM at magnifications ranging from 2, 000x to 200, 000x with a Tungsten 

filament at an accelerating voltage of 75 kV.  

 

Powder X-ray diffraction 

Assembled peptide were frozen and lyophilized to yield dry powder for X-ray diffraction. 

The powder spectra were obtained using a Bruker D8 Discover diffractometer, equipped 

with a multiposition X, Y, Z stage, a cobalt X-ray tube with Goebel mirror and a Vantec1 

solid state detector. The sample was placed in a zero-background holder on the stage 

and the spectrum obtained using Bragg-Brentano geometry. The scan step was 

repeated several times to maximize the diffracted intensity and minimize noise. 
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Chapter 6 Engineering Asymmetric Cross-β Peptide Membranes 

for Emergent Functions 

Surface Engineering of Peptide Membranes 

Typical lipid membranes are organized in a parallel arrangement placing charged head 

groups at the exposed surface and hydrophobic alkyl chains at the buried interface. In 

contrast, amyloid peptides can spontaneously form membrane-like bilayer 

in a rich assortment of configurations based on rules of cross-strand and cross-sheet 

pairings derived from protein folding. The vast lipid surface modifications seen in nature 

have ensured diversed functionalities. In this dissertation, I have systematically 

explored  biomimetic strategies to engineer the peptide membrane surfaces and 

demonstrated their feasibility, and in doing so, expanded the tool kit of surface 

engineering of peptide self-assembly for functional scaffolds. I’ll review each of these 

strategies below. 

  

Strategy 1: residue substitution 

Under aqueous acidic conditions, Aβ (16-22) Ac-KLVFFAE and its congener Ac-

KLVFFAL self-assemble as anti-parallel out-of-register peptide arrangements. With an 

extended peptide length of ~2nm, the peptides form a bilayer membrane of ~4nm. This 

arrangement places half of the charged N-terminal lysines buried within a bilayer 

interface and the remaining half exposed to the surface. Moreover, these positively 

charged lysines are passivated by counterions (TFA) in solvents. Since the N-terminal 

residues are not incorporated in the hydrogen-bonding networks, substitution of the N-

terminal residue does not affect the cross-β structure but results in an entirely different 

membrane surface.  

 

In chapter 2, I have replaced the N-terminal lysine residue (K) with glutamic acid (E), 

phosphotyrosine (pY) and phosphoserine (pS). Reasoning that the counterion is critical 

for self-assembly of the cross-β bilayer, these variants with negatively-charged surfaces 

were assembled with complementary counterions (TEAA). All variants successfully self-

assembled into cross-β bilayer nanotube structures but with opposite surface properties. 

These Ac-ELVFFAL, Ac-pYLVFFAL and Ac-pSLVFFAL surfaces recruit positively-

charged molecules (Thioflavin T, Methylene Blue, Acridine orange) as shown in chapter 

2 and chapter 4. Furthermore, hyperphosphorylated surfaces are implicated in 
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neurogenerative diseases as neurofibrillary tangles and etiologically significant in AD by 

impacting RNA processing. Extending these patterned lysine peptide surface to the 

phosphorylated surfaces provides new possibilities for studying biologically significant 

protein and catalyst associations. As a demonstration of these possibilities, chapter 2 

has established this assembly as a surrogate for neuronal tau tangles by demonstrating 

its high-affinity binding to histone H1, whose association with the DNA backbone 1 is 

important in gene regulation,2 chromatin condensation,3 and global control over 

chromatin remodeling activities .4 

 

Strategy 2: peptide co-assembly 

While significant efforts have been focused on single component peptide self-assembly, 

multicomponent peptide self-assembly or peptide co-assembly is less explored. The 

need for generating dynamic heterogeneous system has driven an increase in 

complexity.  In chapter 3, two oppositely-charged peptides Ac-KLVFFAL and Ac-

pYLVFFAL were co-assembled as homogeneous nanotubes with oppositely-charged 

outer and inner surfaces. Such asymmetric property is extremely difficult to obtain in 

single component systems which usually assemble as symmetric architectures. By 

selecting unique components for co-assembly, future studies on generating asymmetric 

surfaces in non-biological systems can vary from charge properties to surface plasticity, 

surface fluidity and surface affinity towards different molecules or proteins.  

 

Strategy 3: seeding 

An interesting feature of Ac-pYLVFFAL peptide nanotubes compared to the previous Ac-

KLVFFAE and Ac-KLVFFAL peptide nanotubes is that they stain differently with uranyl 

acetate. This discovery made it possible to study cross-seeding of peptides easily by 

TEM. In fact, both Ac-KLVFFAL and Ac-pYLVFFAL peptides can serve as templates for 

each other and propagate the other peptide monomers. Such cross-seeding based on 

structural compatibility can result in homogeneous nanotubes with charge domain 

segregations on the surfaces. Domain segregations are common in biological self-

assembly as different domains can perform different functions without compromising 

each other’s specificity. The peptide nanotube membranes with charge domains can be 

a promising scaffold for building catalytic networks.  

 

Strategy 4: lipid-peptide chimera 
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Previous studies have demonstrated remodeling of cross-β nanotube surfaces by simply 

incorporating a saturated alkane within the cross-β laminate core in peptide-lipid 

chimeras5. In chapter 5, I have extended lipid-peptide chimera from saturated carbon 

chain to unsaturated carbon chain. Such structures are different from conventional 

peptide amphiphile cylindrical fibrils that bury the alkane chain in assembly interiors with 

peptide segments splaying along their outer surface. Rather, the Aβ peptide dominates 

the assembly and dictates the surface properties, while lipid chains modulate the 

grooves and laminations of the surfaces.  I have also found that lipid carbon chains can 

modulate previously non-ordered surfaces into ordered ones. By modifing the core dyad 

in the 7-residue peptide from F-F to I-I, Y-Y and W-W, the resulting peptide-lipid chimera 

assemblies can be modulated as nanotubes, fibrils and particles. The tuning capability 

can now be further utilized to design distinct functional materials. 

 

Surface Characterization of Peptide Membranes 

A variety of techniques have been developed for characterizing molecular structures of 

peptide assemblies such as Circular Dichroism, Fourier Transform Infrared, NMR, 

Electron Transfer, Small Angle X-ray Scattering, Atomic Force Microscopy etc. 

Nevertheless, few were aimed at surface properties6. The supramolecular assemblies 

surfaces, however, constitutes the important interface between the assemblies and the 

external environment. It is extremely important when the assemblies are designed as 

functional scaffolds. Hence, in order to monitor the performance of peptide assemblies, 

the surface properties must be well known. In chapter 2 and 3, AFM, EFM, gold 

nanoparticle binding and salt bundling strategies were developed to obtain surface 

chemical and morphological information of self-assembled cross-β peptide membranes. 

Especially EFM, which is utilized on dry surfaces, including mineral crystal faces, 

graphene layers and other solid materials, has been demonstrated as an effective tool in 

characterizing more complex and dynamic self-assembled engineered materials. These 

methods developed in this dissertation have great potential to be employed in 

characterizing other supramolecular self-assemblies and present a good example of 

extending surface characterization techniques on biomaterials in general.  

 

Design Asymmetry and Control Defects in Multicomponent Self-Assembly 

Biology usually uses templates to limit defects and uneven distribution of different 

components. For such a design it is important to have different regions perform different 
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functions. Self-assembly of traditional materials such as electronic devices 7,  block 

copolymers8 and organic hydrogen-bonded system9 that mimic biological asymmetry 

have been reported.  In contrast to the extensive studies on self-assembled 

morphologies of peptides, very few studies so far have been devoted to their defects and 

asymmetry element. Gough et, al10 explored the self-assembly of structurally and 

functionally asymmetric wedge-shaped peptides into nanofibers or lamellar structures 

and identified a balance in positive and negative charges as well as cooperative 

amphiphilicy as necessities for self-assembly of asymmetric peptides. Horne et, al11 

have designed an asymmetric unit of extended peptide nanotubes by interrupting the 

hydrogen bonding network on one face of the cyclic peptide subunit through backbone 

N-alkylation. Such interruption restricts the self-assembly to antiparallel cylindrical 

dimers. All of these examples started with an asymmetric peptide structure but none of 

them have studied the final structures. In chapter 4, I have described a simple method to 

generate asymmetry in peptide self-assembly via the co-assembly of two oppositely-

charged peptides (Ac-KLVFFAL and Ac-pYLVFFAL) that form cross-β nanotubes with 

distinctly-charged surfaces. Interestingly, these nanotubes were shown to colocalize 

positively- and negatively-charged fluorophores on their surfaces asymmetrically on the 

negatively-charged outer surface and the positively-charged inner surface. Moreover, 

such nanotubes are not homogeneous from one end to the other; they possess 

heterogeneous domain blocks shown by fluorescence imaging. Enrichment of 1-13C and 

3-13C on the two peptides respectively made it possible to quantify homogeneous and 

heterogeneous interfaces by solid-state REDOR NMR. Under the assembly conditions, 

75% of the assemblies hold heterogeneous interfaces, and 25% of the domains hold 

homogeneous domains.  

  

Co-assembly of peptides opens a new chapter for making unique asymmetric biomimetic 

self-assemblies. Future directions can be systematically investigating on the microscopic 

mechanism of defect formation in peptide self-assembly. Also, investigation on 

controlling assembling environment (pH, solvents, coassembling molecules, temperature) 

and assembling kinetics for specific interface partitions will be of great interest.  

 

Expand Molecular Codes for Supramolecular Self-Assembly 

Understanding the self-assembly rules and deciphering molecular codes is essential for 

designing specific patterns and functional scaffolds from peptide self-assembly. Using 
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the 20 natural amino acids, a diversity of molecular recognitions ranging from salt bridge 

12 to sterics13 to hydrogen-bonding14 impact the final assembled β-sheet registry. Using 

this knowledge from single component systems, the β-sheet registry of multicomponent 

systems can now be explored. This dissertation highlights a growing set of codes to 

rationally control the formation of supramolecular assemblies. 1) Coopeartive 

electrostatic attraction between lysine (K) and phosphotyrosine (pY) at the interface 

made it possible to form homogeneous and heterogeneous leaflets from co-assemblies 

of two peptides (Ac-KLVFFAL and Ac-pYLVFFAL) (Chapter 4). 2) Hydrophobic packing 

between lipid hydrocarbon chains and hydrophobic residues in the peptide allows us to 

manipulate lipid-peptide chimeras by simply coding information in the peptide sequence 

of lipid chain hydrophobicity (Chapter 5). 3) Hydrogen-bonding and β-sheet formation 

between different types of peptides with structural compatibility is feasible provided 

appropriate co-assembly or seeding conditions (Chapter 4). Understanding more of the 

molecular codes for supramolecular assembly will aid the rational design of new 

architectures tailored to the needs of specific biological and non-biological applications.  

 

Toward Dynamic Functional Self-Assembly System 

Along the way of developing novel structures and investigation of their formation 

mechanism of peptide assemblies, the exploration of their biomedical and biomaterial 

application is gaining greater focus. Peptide based materials15 represent an especially 

promising class of compounds due to their relative ease of synthesis, biocompatibility, 

and the ability to be tailored for integration into current biology. In plants, sunlight is 

collected by porphyrin-derived pigment molecules noncovalently attached to polypeptide 

cages. The peptide cage determines the intermolecules distance and orientation of the 

pigments molecules, which are responsible for long-range energy transfer. Similar light-

harvesting antenna have been constructed on peptide fiber,16  hydrogel17 and nanotube13  

scaffolds, however, all of the peptide assemblies were used as a scaffold for fixing the 

molecules only. By taking advantage of charge separation of the unique asymmetric 

peptide membrane, pigments arrays can be constructed on outer and inner surfaces 

respectively to realize energy transfer across the peptide bilayer membrane with a 4 nm 

distance. This design takes a big step forward in mimicking biological photosynthesis 

which is a delicate interplay between a specific set of membrane-bound pigment–protein 

complexes that harvest and transport solar energy, execute charge separation, and 

interconvert physical and chemical energy. Switching the FRET flurophores pair to 
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electron donor-acceptor pair facilitated electron transfer across the peptide bilayer 

membrane. The present approach not only provides a rational design for self-assembling 

asymmetric peptide membrane capable of charge separation, but also allows 

organization of functional molecules that alone do not show self-assembling properties. 

The future direction is to explore the capabilities of the ordered, robust peptide 

membrane scaffolds for complex catalytic reactions. The successful recruiting of large 

proteins on the peptide membrane in chapter 2 is the first step to mediate functional 

networks on peptide membranes.  

 

In summary, studies within this dissertation have demonstrated simple residue 

replacement, co-assembly, and cross-seeding and chimera construction to be effective 

surface engineering strategies of peptide membranes. These highly ordered and 

charged surfaces present patterned binding sites for histochemical dyes, redox active 

molecules and even prototypical nucleic acid binding protein. More intriguingly, co-

assembly of two oppositely-charged peptides with structural compatibility can induce the 

formation of a unique asymmetric peptide membrane with distinctly charged surfaces on 

inner and outer surfaces of nanotubes.  Cross-seeding of oppositely-charged peptides 

can generate charge domain segregation on peptide nanotube surfaces. By taking 

advantage of the unique charge separation and domain segregation on peptide 

nanotube surfaces, fluorophore pairs are able to be organized on these unique peptide 

membranes for efficient energy and electron transfer. Deciphers of molecular recognition 

codes of heterogeneous self-assembly systems presented in this work are of great 

importance for constructing complex functional chemical systems on ordered 

nanomaterials. Overall, I argue that amyloid peptide membranes present robust and 

patterned surfaces capable of routinely controlling asymmetry, which rival extant 

biological membranes. Developing these systems for light-harvesting and charge 

separation of artificial photosynthesis is now within reach. 
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