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Abstract 

 

Amyloid has been correlated with numerous protein misfolding diseases, yet no effective 

treatment is currently available. A thorough understanding of the misfolding process is crucial 

for understanding the disease mechanism and designing therapeutics. This dissertation presents 

a conformational evolution model that builds on earlier nucleation dependent assembly and 

polymorphism models. The nucleating core of Aβ Dutch mutant, Aβ (16-22) E22Q is 

quantitatively characterized to go through a conformational transition from anti-parallel out-of-

register to parallel strand orientation. Solid-state NMR and isotope-edited infrared (IE-IR) 

spectroscopies are developed to assign basis sets for monitoring and resolving the evolving 

conformations. The impact of single amino acid mutation and ionic strength of the environment 

are used to reveal the sensitivity of the self-assembly process to intrinsic and extrinsic 

modulators along the evolving energy surface.   

 

Significant extension of local and normal IR active modes are uniquely revealed in the extended 

amyloid secondary structure and these are extended and optimized for the analyses. Overall, 

the results extend and enhance our current understanding of amyloid assembly for the potential 

design of therapeutics for neurodegenerative diseases. 
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Chapter 1. Background 

 

Protein self-assembly  

 

Self-assembly is a process that results in the formation of well-defined structures from 

individual molecular building blocks. 3The evolution of biology is built on small molecules that 

aggregate, increase their relative order and form complex assemblies essential for living 

organisms. Protein represents a crucial part of these self-assembly systems. Their amphiphilic 

characteristics, self-replicating capacity4 and variety of potential interactions5 make them 

suitable for building supramolecules with various functions. Multiple studies have been 

conducted on the correlation between peptide and evolution. Our group studied peptide 

membranes as potential agents in chemical evolution. 6A amyloid-like self-assembly constructs 

critical cellular components for normal functions 7 and Bernd M. Rode et.al hypothesized that 

peptide formation proceeds RNA.8 

 

The study of protein self-assembly is also crucial for the understanding disease mechanisms. 

Self-assembling peptides amyloid peptides have been shown to be closely associated with 

multiple neurodegenerative diseases such as Alzheimer’s disease, prion disease and type II 

diabetes. 9, 10-12,13, 14 Recently, Aβ has been discovered to exhibit prion-like behaviors, allowing 
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it to spread and convert soluble monomers to toxic aggregates. 15 

 

In this thesis, I will focus on Aβ(1-40) or Aβ(1-42) and their derivative, which are hypothesized 

to cause neuronal loss through mechanisms involving cellular membrane penetration, direct 

receptor interaction and oxidative stress, 16 and are targets for therapeutics17.  

 

Peptide self-assembly has now been widely adopted in the fabrication of macromolecules with 

a diversity of structures and functions. Due to their biocompatibility, biodegradability, easy 

availability and cost effectiveness18, they have been put into applications varying from tissue 

regeneration and drug delivery, surface engineering and the cosmetic industry. 19For example, 

high order self-assembled amyloids are applied in fabricating scaffolds that can support cell 

attachment and spread, 20,21  self-assembled biofilm that support nanoparticles for transferring 

photo-induced electrons,22 and targeted drug delivery and vaccine engineering23. Therefore, a 

thorough understanding of the self-assembly process is fundamental to both promoting the 

understanding of life, explore disease mechanisms, and expanding our capacity to precisely 

control the properties of self-assembled biomaterials.  

 

Cross-beta structure  

 

Amyloids have common structural architectures know from their X-ray diffraction patterns 

known as cross-beta, in which extended β-sheets stack on top of each other to form fibers with 

widths of nanometer scale. The hydrogen bonds run parallel to fiber long axis and orthogonal 
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to beta-sheet stacking.  

 

 

Due to the variety of functional groups on peptides, different groups can have multiple 

interactions through hydrogen bonding, Π-Π stacking, hydrophobic, electrostatic, and van der 

Waals interactions to direct molecular of assembly. The energy landscape of the folding process 

however could proceed through multiple metastable states until the thermodynamically favored 

structure is formed. This pathway could then have a profound and environmentally sensitive 

impact on any control we hope to have on the final structure. Decoding this pathway became a 

major focus of this dissertation.  

Figure 1-1． Structure of amyloid cross-beta structure 1,2 
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Figure 1-2. Physical forces dictate the final structure of amyloid self-assembly. 

 

Decoding amyloid self-assembly 

 

We will refer to the physical factors dictating amyloid self-assembly as “code of assembly”. It 

is analogues to A/T and G/C molecular codes that dictate nucleic acid assembly, however, 

unlike DNA, whose conformation is precisely dictated by base paring with defiend fidelity and 

reproducibility, self-assembly of proteins is far more diverse and highly sensitive to the 

assembly environment and process.3 Such diversity provides protein self-assembly far more 

structural complexity and greater potential for functionality. Using the nucleating core of Aβ 

peptide and its congeners as a model system, we have interpreted several physical factors that 

determine the structure of amyloid and also demonstrate structurally how environmental factors 

influence this process. This information contributes to more precise prediction of peptide self-

Hydrogen bonding 

 

Hydrogen bonding 

π-π stacking 

 

 

Electrostatic 

interaction Steric packing 
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assembly and protein folding5, and provide insight into how the process might be controlled 

and used. The specific forces that regulates the folding energy landscape include:  

 

A. Electrostatic forces 

 

Electrostatic forces between charged residues can define the structure of self-assembly. Under 

neutral pH24, Aβ (16-22) or Ac-16KLVFFAE22-NH2 assembles into anti-parallel in-register 

peptide and the salt bridge formed between positively charged lysine and negatively charged 

glutamic acid maintained in-register strand arrangement of twisted fibers.24 The strength of such 

electrostatic interaction is mitigated by the solvent. Permittivity is used to measure how the 

solvent affects the Coulomb force between two point charges. Relative permittivity, commonly 

known as dielectric constant, is the factor by which the two charges’ electric field is decreased 

relative to vacuum. Water has high dielectric constant, organic solvents have lower dielectric 

constant. Under dehydrated environments, the electrostatic interaction is stronger.  

 

B. V-A cross-strand pairing 

 

When the glutamic acid is protonated, Aβ (16-22) forms anti-parallel out-of-register β-sheets 

that under TEM were nanotubes. Such a shift in one amino acid is assigned to the β-branched 

V18 residue and its preferential packing against alanine in the adjacent strand.25 Without the 

salt bridge, such steric packing between bulky valine and small alanine becomes the major 

determinator of β-sheets conformation. When V18 is replaced with bulkier t-butyl side chain, 



6 
 

the peptide remains out-of-register even under conditions where the salt bridge is expected to 

be most stable. Environment serves as a mediator between various physical forces that 

collectively dictate amyloid structure.  

 
Figure 1-3. Electrostatic interaction and V-A cross-strand paring dictates the conformation of 

Aβ (16-22) 

 

C. Q-Q cross-strand hydrogen bonding 

 

Glutamine can have a strong influence on self-assembled structures. Aβ (16-22) E22Q forms 

parallel in-register β-sheets where the stabilizing constraint is assigned to inter-sheet hydrogen 

bond between glutamines known as Q track.  

K‐E charge 

interaction 
V‐A cross strand 

pairing 

Neutral pH Acidic pH 



7 
 

 

D. Lamination 

 

Lamination, or steric zipper 26is defined as the dry interface formed by packing the side chains 

of adjacent β-sheets26. This hydrophobic stacking dictates the initial hydrophobic collapse of 

amyloid and controls the morphology of steric zipper. In the case of Aβ (16-22)24, when 

assembled into anti-parallel in-register conformations, the hydrophobicity above and below the 

β-sheet are different and have been argued to be symmetrical for anti-parallel out-of-register. 

The morphologies of fiber vs tube is related to the difference in lamination (Figure 1-5).  

Figure 1-4. Summary of molecular forces that dictate self-assembly with β-sheet. 
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Figure 1-5. Hydrophobic surface for fiber and tubes. The hydrophobic surface of in-register 

anti-parallel β-sheet (left) and out-of-register anti-parallel β-sheet (right). Brown indicate 

hydrophobic surface, blue hydrophilic regions, green stands for neutral areas. 

 

The self-assembly process 

 

Our growing understanding of the forces that control assembly now make it possible to evaluate 

the different models that have been proposed. 

 

Nucleation dependent self-assembly 

 

The most well established model is the nucleation dependent model. From peptide monomers 

to large scale macromolecules, amyloid goes through two stages, nucleation and elongation.27 

As shown in figure 1-6 (A and B), from the solution phase the peptide hydrophobic core 

undergoes hydrophobic collapse via a liquid-liquid phase transition into a particle phase. Within 

the particle, paracrystalline nuclei are formed and serve as a template for further monomer 

addition; elongation is defined as growing nuclei into full mature fiber, a process that exhibits 

exponential growth as demonstrated by thioflavin T binding.28The addition of mature fiber 
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seeds at the beginning of assembly trigger elongation immediately, bypassing nucleation 

phase28. The seeding process has been widely characterized, both in vitro and in vivo29, and this 

prion-like property is of great significance in both the progression of neurodegenerative 

diseases30 and development of bio-materials.31  

 

It is worth noting that the chemical environment of nucleation differs from the elongation stage 

(Figure 1-6 C). Within the particle, the peptide concentration is high, peptides appear to be less 

ordered in the particle, and free monomers are under rapid exchange. Despite the dynamic 

nature of particle, the internal environment is expected to be more desolvated such that the 

energetics of peptide alignment in the grown would differ from propagation in solution. Such 

differences in environment could lead to different energetics and a different initial morphology.  

  

 

 

Figure 1-6.  Process of self-assembly process 

(A) Assembly stages represented by the increasing molecular order 

(B) Assembly process with and wihtout seeding, represented by quantity of amyloid 

(C) The anticipated environmental difference between nucleation and elongation 

environments. 32 

monomer 

A B 

C 
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Polymorphism in amyloid self-assembly 

Under certain conditions amyloid fibers can be polymorphic, meaning that within a given 

sequence, the peptides assemble into different morphologies with distinct fibril structures. 

These various structures can co-exist for extended periods of time due to the high 

thermostability of amyloid and multiple energy minimum across the energy landscape.27 The 

formation of polymorphism can result from different bundling or twisting of protofibers, or 

fundamentally different structures (Figure 1-7). The study of polymorphism is significant in 

the study of neurodegenerative diseases33. Studies have shown different toxicity34, interaction 

with cells, propagation rate35, stability and propagation mechanism between various 

polymorphs. Initial efforts have been able to characterized the structures of polymorphic 

amyloid structures and define structures with different toxicities.36   

 

Figure 1-7. Comparison of energy landscape between soluble proteins and amyloid. Unlike 

soluble proteins, amyloid possesses many energy minimum with high thermostability, setting 

the foundation for polymorphism.27  
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The structure of amyloid is not only determined by the absolute thermostability, but also the 

assembly pathway. A review done by Wang et.al has comprehensively reviewed the kinetics of 

assembly condition on the amyloid pathway. 18The evaluated factors include temperature, 

solvent composition, pH, ionic strength and shear forces. These environmental conditions 

impact assembly by regulating molecular interactions. Even if the final assembly condition is 

identical, some self-assembly pathway can be extremely sensitive to the preparation protocol. 

Korevaar et.al revealed that by adding different percentages of HFIP in water leads to a drastic 

difference in the supramolecular morphology of the peptide amphiphiles. 37 

 

Conformational evolution in amyloid self-assembly process 

 

As techniques mature for monitoring assembly overtime, kinetic intermediates whose structures 

are different from the stable conformation have been defined even without any outside 

environmental perturbation, along the assembly pathway. Such conformational evolution 

results from a difference of activation energy and thermostability between different 

conformational species. The kinetic intermediates emerge as a result of lowered activation 

energy while the stable conformation persists due to higher thermostability. Such stable 

conformations can appear as a result of secondary nucleation, mutation or internal structural re-

arrangement. The more stable conformation shifts the equilibrium of the system and assimilates 

all peptides. Depending on the relative stability of the intermediate, its life time can vary 

significantly form almost undetectable to persisted (Figure 1-8).   
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Figure 1-8. The conformational evolution of amyloid self-assembly.  

Blue line represents species with lower activation barrier therefore forms first. A second 

species could emerge in the middle of the assembly process possesses higher thermostability. 

The thermodynamically stable conformation eventually assimilates the kinetic intermediate 

and dominates the assembly. 

 

Intermediates in the oligomer state  

 

 

Extensive studies have been conducted on amyloid oligomers, yet only a few structural results 

are shown because these intermediates are transient, polymorphic, and dynamic. From a 

nucleation dependent perspective, the structure within the particle should be the same as the 

final confirmation and some studies support this assertion. A study on Aβ (1-40) revealed the 

same crystalline structure reveals that although the nuclei within the oligomer are smaller in 

scale, their basic molecular position and orientation are identical with the stable conformation. 

38 

However, many studies report the structure of oligomer differ from fibers, and even within 

oligomers, structural transitions can occur, and different types of oligomers, commonly 

categorized as pre-fibrillar oligomers or non-fibrillar oligomers, fibrillar oligomers and angular 
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prefibrillar oligomers that have different affinity to different conformational dependent 

antibodies. Antibody A11 binds to pre-fibrillar oligomers formed by various amyloidogenic 

peptides, but don’t bind to mature fibers, suggesting a common structural domain in oligomers 

which is absent in mature fibers.39 Antibody OC binds to fibrillar oligomers that contain fiber 

nuclei and mature fiber, but not to prefibrillar oligomers or random coils 40. Overtime 

prefibrillar oligomers shift into fibrillar oligiomers.41The fibrillar oligomer is reported to be 

proteinase K resistant and possesses higher toxicity in α-Synuclein.    

 

While these antibodies could different structural elements on surface, IR analyses also revealed 

intermediary β-sheet structures early in assembly for Aβ peptides, yet no detailed structural 

models have been provided. 42 Interestingly, the majority IR studies suggested anti-parallel 

beta-sheet forming within oligomers, 42 a result later substantiated by several ssNMR structural 

studies introduced below. Anti-parallel beta-sheet has been reported to possess higher toxicity 

in multiple cases in including HET-s, BAM and amyloid β peptides.43-46 

 

Further solid-state NMR studies have further supported the structure of oligomers contain 

transient structures with distinct conformation from mature fibers. The Aβ(1-42) peptide from 

Alzheimer’s disease exists as a hairpin structure spanning from V18 to G33, establishing that  

both parallel and anti-parallel orientation forms early on. This segment later transitioned to 

purely parallel β-sheet within mature fibers (Figure 1-9). An engineered disulfide mutant 

(L17C, L34C) could trap the intermediate permanently at oligomer state, this oligomer is 

recognized by the same conformational specific antibody that binds WT oligomers. 47 
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Figure 1-9. The structure of Intermediate and final structure of Aβ (1-42). The left shows the 

alignment of resides, the right graph shows the general conformation.47  

 

Similarly, Aβ (1-40) also forms s hairpin before forming parallel, in register fibers, and again 

di-sulfide bond anchored beta-hairpin only forms stable 45oligomer but not fibers( Figure 1-

10)45,48.  

 

 
 

Figure 1-10. (A) The structure of Aβ（1-40）oligomers. (B) The structural transition from 

monomer to fiber.48 

 

Similar study conducted by Scheidt et.al reveals intramolecular Glu22 and Ile 31 interaction 

only exist in Aβ(1-40) oligomers and protofibers but not within mature fibers, suggesting a 
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significant structural re-arrangement from an intermediate state to mature fibers (Figure 1-

11).49 

 

 

Figure 1-11． The structure of Aβ(1-40) intermediate(A) and mature fiber (B). Glu 22 and 

Ile 31 were highlighted. 49 

 

Many studies suggested that the oligomers have higher toxicity, and numerous reasons may 

account for it, including structural differences. Ahmed et.al studied Aβ (1-42) using solid state 

NMR, and revealed that oligomers (Figure 1-12 B) are pentamers (Figure 1-12 C) that possess 

a three turn structure centered at Leu17-Ala 21, Ile31-Val36 and the C-terminus; within mature 

fibers the C-terminus residues are extended (Figure 1-12 A). The β-turn region could pre-order 

the upcoming monomers to form parallel β-sheets, then the rest of resides extend out and form 

stable parallel β-sheets (Figure 1-12 D,E). 46 
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Figure 1-12. Molecular structure of Aβ (1-42) at (A) intermediate state. (B)Scheme of the 

pentamer and (C) 3D AFM image of oligomers.(D)structure and (E) scheme of mature fiber46 

 

Intermediates beyond oligomer state 

 

The transient oligomer state intermediates have several characteristic features, including weak 

Thioflavin (ThT) signal.50 The environment within the oligomer is reported to be different than 

in solution, with a higher peptide concentration making it easier to preserve structures such as 

β-turns. Environmental changes have been used to prolong the lifetime of the metastable 

oligomers, and in other cases, the intermediates prove to be stable. If the intermediates’ life 

time is long enough, the polymorphism phenomenon would emerge. Mechanisms for 

monitoring this polymorphic transition from metastable intermediates to other structure are 

much needed at this point.  

 

Different mechanisms of conformational transition 

 

Simultaneous formation  
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The nuclei of both transient intermediate (nuclei T) and the thermodynamically stable structure 

(nuclei S) can both exist within initial nucleation phase. Study on D23N Aβ (1-40) reveals an 

anti-parallel to parallel transition.51 Unlike the case of polymorphism where different structures 

co-exist, the anti-parallel intermediate of Aβ (1-40) D23N is metastable and cannot elongate as 

effective as parallel conformation.  

 

However, the nuclei S does not always form at the beginning of assembly, and only emerges 

after the intermediate. One of the mechanisms for sequential nucleation is secondary nucleation 

where the surface of the growing fiber serves as a surface for the nucleation of new nuclei. 

Jeong et.al revealed the structural transitions along amyloid pathway, occur mainly through 

secondary nucleation where the surface of an existing fiber can serve as a nucleation site for 

fibers to nucleate, generating an additional branch or allowing alignment of oligomers to form 

thicker fibers, 52 the former results in branching of fibers, and the latter results in fibers with 

wider widths. From the simple dipeptide, FF assemble as intermediate fibers before the final 

tube is selected as the thermodynamically stable product. The mechanism has been proposed to 

be secondary nucleation as trapping a droplet suppresses tube emergence.53 

 

The alternative mechanism for conformational evolution is mutation. Peptide Aβ(16-22)E22Q, 

first forms anti-parallel out-of-register ribbons which grows in the particle and later transitioned 

into parallel fibers as the thermodynamically stable structure. Here nuclei S is formed as a result 

of “mismatch” between the template and incoming peptide, 54due to the higher cross-strand Q 

track stability, the intermediates are completely dissolved and re-incorporated into the fiber. 
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However, for this mutation model, the intermediate does not always end up being converted 

into the thermodynamically stable confirmation. In the study conducted by Watanabe-

Nakayama et.al of Aβ (1-42), amyloid switch morphology during elongation is observable by 

optical methods such as TEM or AFM.55 The mutations occur along elongation and both spiral 

fiber (open circle) and straight fiber (closed circle) co-exist within the same fiber.   

 

Figure 1-13. Different conformation exist within the same fiber. Open circles represents with 

spiral pattern and the closed circles represent straight fibers.55  

  

Intermediates, necessary pathway or competitive distraction  

 

Assigning the metastable intermediates as “on” or “off” the folding pathway remains a 

challenge. Are they a temporary “sink” for monomers or are they necessary intermediary steps 

for the stable nuclei to form?  

 

The majority of nucleation events may occur in the particle, but not all oligomers are incubators 

of nucleation and fiber assembly. Study by Lasagna-Reeves, et.al showed that annular 

protofibers (APF) contained pore-like structures that, under the presence of fibers, did not 

convert into fibers but instead propagated independently. The data suggests that APF as an off-

pathway temporary energy sink for monomers. 56In addition, a segment of β-sheet forming αB 
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crystalline (ABC) reveals a cylindrical barrel with anti-parallel out-of-register strand 

orientation, termed cylindrin at the oligomer phase. 57 Such structures as intermediates are 

common for β-sheet forming peptides. Simulation and AFM studies revealed the mechanism of 

their toxicity could be membrane penetration. 58-60 Molecular dynamics simulation reveals the 

transition from out-of-register barrel to in-register fiber requires a complete disassociation and 

re-association of monomers, meaning the intermediate is an off-pathway product. 57  

 

On the other hand, intermediates could directly catalyze the formation of thermodynamic 

product, or in the case of secondary nucleation, serve as the template for fibers to nucleate upon. 

Therefore, intermediates can be an indispensable part for the formation of the 

thermodynamically more favored conformation. 

 

Indeed, the β-sheet amyloid mimetic, BAM, reveals anti-parallel out-of-register β-barrel as 

intermediate or fibers. In BAM, two anti-parallel peptides are covalently attached to the end 

and the side chains can be modified to favor specific interactions. These BAM monomers first 

form β-barrel with alternating strong and weak interfaces, and later the weak interface 

overcomes a small energy barrier to open up and re-close into flat β-sheet, forming anti-parallel 

out-of-register fibers. 57Such intermediate appear to be more common for longer peptides as 

part of the fiber would fold first to assist the folding of other residues. Buchana et.al discovered 

the FGAIL region of the human islet amyloid polypeptide (hIAPP) would form during the lag 

phase with parallel β-sheet in a region which later transitioned into partially disordered loop in 

the fiber. Macrocycles engineered to prevent the formation of parallel β-sheet block fiber 
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formation, suggesting the intermediate is crucial for the production of thermodynamically 

stable product.  

 

Currently, no effective medication is available for Alzheimer’s disease, and the drug 

development pipeline for Alzheimer’s disease has been described as few candidates and 

frequent failures61. The recent failure of Eli Lillys’ experimental drug solanezumab 62again 

points out that our fundamental understanding of amyloid’s behavior and the design strategy 

needs to be reconsidered. Current drug targets for Alzheimer’s disease aims to remove or 

prevent β-amyloid accumulation by focusing on the reduction of amyloid β generation, such as 

β and γ-secretaase inhibitor, and reduction of pre-formed amyloid deposits with antibodies63,64. 

However, none of these methods led to effective therapeutics. Citing from the CEO of Eli Lilly 

said “No drug so far has been able to demonstrate that removing or preventing the amyloid 

plaque leads to a release of symptom”. 

 

These results raise doubt about the amyloid hypothesis as a result, but these design strategies 

treat amyloid beta as a generic and static entity. The reduction of amyloid beta by targeting 

enzymes could lead to impairment of normal neural functions and antibody treatments ignore 

the polymorphic and evolving nature of amyloid assembly. Figure 1-14 summarizes three 

generations of assembly models, extending our current understanding of amyloid assembly.  
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Figure 1-14.  Overview of three models of assembly. (A) Nucleation dependent self-

assembly defines the initial nucleation phase as pure determinant of the amyloid conformation 

and amyloid replication is simply a faithful replication of the nucleus structure. (B). 

Polymorphism model realized the same sequence could assembly into different conformations 

with equivalent thermostability and these different conformations can both exist for extended 

periods of time. (C) Conformational evolution model argues amyloid can change 

conformation during the assembly process. A kinetic intermediate could appear first, and 

replaced by a thermodynamically favorable conformation that emerged later in the assembly 

process.   

 

This dissertation focuses on discussing the self-evolving conformations of amyloid and how 

both intrinsic and extrinsic factors might impact the kinetics and structure of amyloid. 

Methodologies are developed with solid-state NMR and isotope edited infrared spectroscopy 

to quantitatively monitor the process. This study extends our current understanding of the 

assembly process and reveals design strategy for more effective therapeutics.  
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Chapter 2. Defining conformational distribution of 

cross-β peptide assembly using isotope edited infrared 

spectroscopy 

 

Background 

 

From previous chapter, it has been confirmed that amyloid assembly has access to a variety of 

conformational diversity that is subject to conformational transitions. Such a process is 

regulated both by kinetic and thermodynamic factors 1 forming a dynamic conformational 

network containing β-sheet with different conformations. The eukaryotic cell provides a 

complex fluid system with complex surfaces and components that is likely to complicate such 

a transition process, therefore contributes significantly to amyloidogenic diseases. 2 

 

However, such a transitioning system has been challenging to study due to the properties of the 

material and limitation of biophysical methods. Attempts have been made to better understand 

this process, such as 1D3 and 2D NMR method,4 homonuclear and heteronuclear NMR1, 

electron microscopy5, crystallography6,etc. These methods can acquire accurate structural 

information of amyloid, however, due to freezing in sample preparation and the large quantify 

of peptides in the sampling process, they are limited to observing evolving systems. Although 
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experiments such as anti-body binding experiment7, ThT fluorescence8 can be used to detect 

oligomers or analyze the complex systems, they failed to provide any specific regional 

structural information.  

 

Isotope edited infrared spectroscopy (IE-IR) has been a useful tool to study evolving or 

polymorphic amyloid system and has been widely applied in the kinetic measurement of 

conformational change for self-assembly systems. The peak splitting pattern of 12C and 13C 

peak provides structural insight while allowing fast and multiple sampling of the solution1,9. 

Therefore, IE-IR is a good complementary method combined with solid-state NMR to follow 

and deconvolute a transitioning self-assembly system. Solid-state NMR provides the precise 

conformation, establishing basis sets for different conformations and IE-IR spectra can be 

acquired at various times and later distributed to different conformations.  

 

Isotope edited infrared spectroscopy in the study of amyloid self-assembly 

 

Within β-sheets, extensive arrays of hydrogen bonds are formed between adjacent peptide 

strands. Due to such formation, local modes (Figure 2-1, red arrows) along the carbonyl bonds 

are coupled, leading to exciton delocalization within the β-sheet, forming the normal modes of 

the system (Figure 2-1).Black arrows along fiber axis appear around 1620-1630cm-1 and is 

signature for β-sheet formation. Blue arrows parallel to peptide strand is the distinguishing 

factor between anti-parallel and parallel β-sheet. The anti-parallel β-sheet has a small peak 

around 1690cm-1, which is absent in parallel β-sheet due to cancellation of local modes.   
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Figure 2-1. Amide I mode of anti-parallel and parallel β-sheet. 

The red arrow represents normal modes generated by local carbonyls, the black and blue 

arrow signifies local modes generated as a result of vibrational coupling. The anti-parallel β-

sheet has a small band around 1690cm-1 indicated by blue arrow. 10 

 

These signals are useful for differentiating different secondary strucutres yet limited for 

distinguishing between various types of β-sheets such as anti-parallel in-registery vs out-of-

registery β-sheets. The introduction of 13C=O isotope at a single amino acid provides 

significantly more rich information on molecular configuration. With the introduction of carbon 

C13 on C1 position of amino acid, an additional 13C band appears and red-shifted to around 30 

wave numbers relative to the rest of the 12C band due to larger molecular weight. Meanwhile, 

the 12C band is shifted to higher wavenumber due to the interruption of coupling between 12C=O 

carbonyls.  The comparison between natural abundance and enriched [1-13C]F19 Aβ(16-22) 

Ac-KLVFFAQ-NH2 is shown below(Figure 2-2). 
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Figure 2-2. The comparison for IR signal of enriched (black) and non-enriched (red) Aβ (16-

22). The enriched IE-IR has two bands; one around 1630cm-1 comes from interrupted 12C 

carbonyls, the one around 1600cm-1 results from enriched carbonyl. 

 

With the help of IE-IR fitting using mathematica, we can combine the accuracy of solid state 

NMR with the rapid data acquisition of IR spectroscopy to analyze the transitioning 

polymorphic amyloid self-assembling systems, by mapping out conformational phylogeny and 

assigning co-efficient to the contribution of different conformations. Examples are shown at the 

end to demonstrate how this method is applied in studying the kinetics and various factors 

influencing the transitioning self-assembly systems.  

 

 

Methods 

 

Fibril Assembly: Lyophilized [1-13C]F19 Aβ(16-22), [1-13C]F19 Aβ(16-22)E22Q, and [1-

13C]F19 Aβ(16-22)E22QNHCH3 peptides were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol 

(HFIP, Sigma) and sonicated for 30 min, then dried under a stream of dry N2 gas or under 
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vacuum. The resultant clear film was dissolved in 20% acetonitrile/water (0.1 vol% TFA), bath 

sonicated for at least 10 min and, unless indicated, incubated at room temperature for assembly. 

To produce unassembled [1-13C]A (16　 -22) peptide,  lyophilized [1-13C]F19 Aβ(16-22) 

peptide was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma) and sonicated for 30 

min and stored at room temperature in HFIP. 

 

Fitting of Isotope-Edited FTIR Spectra: [1-13C]F19 IR spectra were analyzed with 

Mathematica 10.0[31] with the NonlinearModelFitmodule that allowed for use of a model of the 

functional form: pC*parafn[x] + apC*antifn[x] + apoC*antiOutfn[x] + uC*unassemfn[x] + 

rC*ribbonfn[x], where pC, apC, apoC, uC and rC are scaling coefficients for the individual 

reference spectra.Although the fits are a linear combination of basis set spectra, the 

NonlinearModelFitmodule allowed for use of spectra that were interpolated as a function 

corresponding to the range from 1575 cm-1 to 1718 cm-1. In the fits, scaling coefficients were 

constrained to be ≥ 0.  

 

Attenuated Total Reflectance Fourier Transform Infrared (AT-FTIR): Aliquots (10μL) of 

peptide solution were dried as thin films on an Pike GaldiATR (Madison, WI, USA) ATR 

diamond crystal. FT-IR spectra were acquired using a Jasco FT-IR 4100 (Easton, MD, USA) at 

room temperature and averaging 500 to 800 scans with 2 cm-1 resolution, using either an MCT 

or TGS detector, 5mm aperture and a scanning speed of 4mm/sec. Spectra were processed with 

zero-filling and a cosine apodization function. IE-IR spectra were normalized to the peak height 

of the 12C band. 
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Transmission Electron Microscopy (TEM): A TEM copper grid with a 200 mesh carbon 

Support (Electron Microscopy Sciences) was covered with 10 μL of a diluted peptide solution 

(0.05 mM to 0.1 mM) for 1 min before wicking the excess solution with filter paper. 10 μL of 

the staining solution (2% uranyl acetate, Sigma-Aldrich or methylamine tungstate, Ted Pella, 

Inc) was added and incubated for 2 min, excess solution was wicked away, and the grids were 

placed in desiccators to dry under vacuum overnight. 

 

Results 

 

Experimental data of basis sets of various β-sheet conformations  

 

Previously, our lab experimentally established basis sets for different Aβ(16-22)congeners with 

anti-parallel in-registery, anti-parallel out-of-registery11, parallel 1homogenous amyloid 

assemblies. Aβ (16-22) peptides assemble to homogenous anti-parallel out-of-register 

nanotubes in pH2, and anti-parallel in register fiber in neutral pH. 11The congener Aβ (16-22) 

E22Q stabilized into parallel fibers. IR spectrum of [1-13C]F19 Aβ(16-22) in anti-parallel out-

of-register have 12C and 13C splitting of 43cm-1, while anti-parallel in-register have a 12C and 

13C splitting of 31 cm-1,With a 12C / 13C band intensity for both of 0.9. For [1-13C]F19 Aβ(16-

22)E22Q, the 12C and 13C splitting of 33cm-1 and 12C / 13C ratio is 1.3.  
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To complete the sets, the IR spectrum of unassembled peptides were obtained though pre-

dissolving the [1-13C]F19 Aβ(16-22) peptide in HFIP and dried on ATR diamond. The broad 

and low intensity 12C and 13C peaks are consistent with non-ordered peptides without extended 

vibrational coupling of carbonyl groups (Figure 2-3, Table 2-1). 
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Figure 2-3. Illustration of peptide backbone with [1-13C] F19 (red star) for Aβ(16-22) and its 

congeners. 

(A). TEM Aβ(16-22) and its congeners with anti-parallel in-register, out-of-register and parallel 

strand orientation. 

(B). Strand orientation of Aβ(16-22) and its congeners with anti-parallel in-register, out-of-

register and parallel strand orientation. 

(C). The alignment of 13C enriched carbonyl when Aβ(16-22) and its congeners possess anti-

parallel in-register, out-of-register and parallel strand orientation 

(D) The IE-IR spectra of Aβ(16-22) and its congeners when assembled into anti-parallel in-

register, out-of-register , parallel β-sheets and when unassembled. 

 

Depending on various peptide strand orientation and registration, 13C=O couples differently 

among the assembled peptide, creating drastically different patterns in their IE-IR spectrum as 

demonstrated by the 12C/13C peak ratio, peak splitting and 13C peak position with i signifying 
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anti-parallel in-register, p signifying parallel and o signifying anti-parallel out-of-register β-

sheet structure.  

 

Table 2-1. Isotope-edited IR peaks for [1-13C]F19 Aβ(16-22) congeners 

 

The IE-IR spectra of [1-13C]F19 Aβ(16-22) and its congeners during any time point is regarded 

as a linear combination of various basis sets. Since the absolute concentration of peptides is 

Peptide 

sequence 

Anti-

parallel 

signature 

[cm-1] 

Q-side 

chain 

[cm-1] 

12C 

[cm-1]

13C 

[cm-1]

　 

[cm-1]

12C/13

C 

peak 

ratio 

β-strand 

arrangemen

t 

determined 

by NMR 

Aβ(16-22) tube ~1693 N/A 1637 1597 40 

0.9 anti-parallel

out-of-

register12 

Aβ(16-22) fiber ~1693 N/A 1635 1607 28 

0.9 anti-parallel

in-register12

Aβ(16-22)E22Q N/A 1677 

1633.

9 

1601.

4 

32.5 

1.2 

parallel 

Aβ(16-22) 

monomer 

N/A N/A 

1640.

2 

1608.

8 

31.4 

0.85 N/A 
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inaccessible without more quantities information such as correlation with solid-state NMR, the 

molar absorptive for each conformation is not extracted. In our study, the signal is all 

normalized to the 12C amide band intensity. Best fit of a certain data point can be de-convoluted 

with coefficients corresponding to the abundance of various structures.  

 

The gap at the early stage of assembly 

 

The experimental data of [1-13C]F19 Aβ(16-22)E22Q was fitted into the basis sets using 

mathematica. However, such method only fits the later stages of assembly but a big gap of the 

best fit and experimental data exists (Figure 2-4 A). The best fit of various conformations could 

not capture the characteristics of 1hr assembly, especially the height of 13C peak. Additionally, 

the best fit is blue-shifted compared to the actual data. This gap indicates an unaccounted for 

species at the beginning of assembly that’s absent at the end of assembly.  

 
Figure 2-4.  (A) The comparison between best fit and real data of the IE-IR spectrum of [1-
13C]F19 Aβ(16-22)E22Q in 1 hr. (B) The TEM of Aβ(16-22)E22Q assembled in 1hr with 

negative stain. 
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Defining the early time species 

 

The 1hr Aβ(16-22)E22Q assemblies at room temperature consist of ~23 nm wide thin wispy 

ribbons and particles (Figure 2-4B) as visualized by electron microscopy, similar to populations 

directly imaged previously with fluorescence13 and electron microscopy.14Prevous simulation 

works on IR of β-sheet predicted that as the number of β-sheet laminations increase and twist 

decreaes, IR spectrum blue-shifts15. This prediction is consistent with the experimental data of 

the difference between the 23nm twisted ribbons with an estimate of 12 twisted β-sheets and 

mature nanotubes with 54nm diameter and around 150 stacked，non-twisted β-sheets.11,16 

 

To obtain the spectrum of twisted ribbons, [1-13C]F19 Aβ(16-22) was incubated at 

37℃(temperature that traps particle14) for 1 day, TEM and IR were taken (Figure 2-5). The 

morphology is similar to E22Q as thin wispy ribbons around 25nm width appeared. The IR 

spectra also captured the characteristics of 1hr [1-13C]F19 Aβ(16-22)E22Q. The overlap of two 

spectrums shows identical position and intensity of 12C and 13C bands. The IR spectrum of [1-

13C]F19 Aβ(16-22) 37°C IR spectrum was used to obtain the IE-IR spectra of the twisted 

ribbon at the initial phase of assembly. The 37°C assembly was fit with the 4 existing 

experimental spectra corresponding the mature , and additional constraint was added that the 

difference between the resulting fit and the experimental [1-13C]F19 Aβ(16-22)E22Q 37°C 

spectrum must be positive (Figure 2-5 C). The resulting difference, (Figure 2-5 D) we 

hypothesize, corresponds to anti-parallel out-of-register twisted ribbons that emerge from the 

initial molten globule phase. 
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Figure 2-5. Defining the early time species 

(A) TEM of Aβ(16-22) after 21hr in 37℃.(B) IE-IR spectrum of [1-13C]F19 Aβ(16-22) after 

21hr in 37℃(red) and [1-13C]F19 Aβ(16-22)E22Q after 1hr in room temperature. Best fit (red 

line) to 21 hr, 37°C spectrum (black squares) with the constraint that the difference between the 

experimental is greater than zero. The coefficients for the resulting fit are: parallel = 0±0.20; 

anti-parallel in-registery = 0±0.19, anti-parallel out-of-registery = 0.38 ± 0.13, unassembled = 

0 ± 0.09. (D) The difference between the constrained best fit (panel C, red line) and 

experimental data (black squares) resulted in a spectrum (cyan) attributed to the initial twisted 

ribbon intermediate. 

  

Completion of the basis sets 

 

The incorporation of the anti-parallel out-of-register ribbons from [1-13C] F19 Aβ (16-22) to 

the IE-IR basis set completes the basis sets for Aβ (16-22) E22Q and its congeners, allowing 
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for identifying the conformational populations of dynamic self-assembly systems. 

 

 
Figure 2-6. Complete basis sets for studying the population change of Aβ(16-22) and its 

congeners. i,p and o signifies anti-parallel in-registery β-sheet, parallel-β sheet and anti-

parallel out-of-registery β-sheet separately.  

 

 

Conclusion 

 

The establishment of the basis sets for [1-13C]F19 enriched Aβ (16-22) and congeners provides 

a  robust and quick system of studying the dynamic nature of such a complex system. These 

basis sets allows for the de-convolution of mixed peptide systems with multiple conformations 

by simply measuring the IR spectrum of the system, then assigning a coefficient for the 

contribution of different conformations by fitting the IR spectrum into the basis sets.  
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The complexity of amyloid system is critical for understanding the disease progression 

especially after studies have shown the relevance of the conformational variation of polymorphs 

with toxicity8. Our method provides a new strategy for defining the conformational population 

within a polymorphic system. Such a method has the potential to be applied to longer sequences 

for longer peptides in various amyloidogenic diseases such as Aβ（1-40）8,17, β2-microglobulin18, 

Sup3519, HAS20, α-synuclein17 and lyzozyme21.  
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Chapter 3.   Mapping the kinetic intermediates along 

amyloid self-assembly 

 

Introduction 

 

Traditionally, amyloid self-assembly process has been categorized into two stages: nucleation 

and elongation.1,2 In the nucleation state, amyloid forms molten globules 3 within which a 

nucleus is formed. The conformation of the nucleus is decided collectively by many factors, 

such as peptide sequence, charge repulsion, side chain cross-strand paring, etc 4-8. With the 

presence of the nucleus as a template, monomers can elongate along the end of the nucleus to 

form amyloid fibers, replicating the same conformation as the nucleus 1,2,9,10.  

 

However, recent development has suggested the process of self-assembly is of more complexity 

11.The first dimension of complexity is introduced as amyloid polymorphism. Under the same 

environment, peptide with the same sequence can assemble into different conformations and 

these conformations co-exist. The second dimension of complexity is defined by the dynamic 

nature of the self-assembly system. Despite the high thermostability of amyloid assemblies, the 

assembly often go through structural transition from an intermediate state to the final stable 
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conformation through molecular re-arrangements.12 Several previous studies have 

demonstrated the emergence of such intermediates. Anti-parallel β sheet is cited as the most 

common intermediate for Aβ folding process 13,14. R.A. Gangani D. Silva, etl.al studied the IE-

IR transition of a segment of prion protein PrPc. PrPC (109-122) Ac-MKHMAGAAAAGAVV-

NH2. Figure 3-1 shows the alignment of Ala 117 before and after the assembly. The increase 

of 13C signal from [1-13C] A117 indicates over time, the alanines are increasingly aligned.15 

These studies excel at monitoring the transition between unassembled or disorganized 

structures to β-sheets. However, detailed structural elucidation of the intermediates remains to 

be developed.   

 
Figure 3-1.  Strand alignment in the PrPc peptide. (a)The initial alignment of strands. 

(b)The strand alignment of mature peptides. (c) The change of IE-IR signal overtime 

 

From previsou studies discussed in chapter 1, conformational change occurs frequently between 

the particle phase and amyloid phase. These two phases possess distinctive chemical 

enviroments: the internal enviroment of particle is highly desolvated and the peptides are 

concentrated, disorganized and under rapid exchange; the amyloid phase exposes the ends of 

all peptides to the solution and peptides are arrange in a paracrystallien way. As peptides are 

responsive to environment and environmental changes shifts conformaion distribution, a 
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peptide might change structure while transitioning from particle phase to amyloid phase 

(Figure 3-2).  

 

 
Figure 3-2. Peptides are exposed to different chemical environments when transitioning 

through particle phase to amyloid phase 

 

To test this hypothesis, Aβ(16-22)E22Q is used where two physical forces dictating opposite 

strand orientations are incorporated to the same peptide. The electrostatic repulsion between 

lysine favors the anti-parallel β-sheet conformation, while the formation of inter-strand 

glutamine hydrogen bonding (Q track) favors the parallel strand orientation (Figure 3-3). In 

the particle phase, lysine-lysine repulsion is the strongest due to dehydrated environment and 

high peptide concentration. Such effect is significantly weakened at the amyloid phase as the 

electrostatic repulsion force is buffered by solvent. Such a shift of strength leads to a shift of 

energy landscape, which might dictate different structural formation.  
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Figure 3-3. Physical forces dictating opposite strand orientation co-exist on Aβ (16-22) E22Q 

When lysine repulsion (light blue region) dominates the assembly, anti-parallel stand 

orientation is favored; when inter-strand glutamine hydrogen bonding (orange region) 

dominate the conformation, resulting in parallel β-sheet formation. 

 

In this chapter, combining isotope edited-IR and solid-state NMR, I captured and characterized 

an intermediate of Ac-KLVFFAQ-NH2, or Aβ (16-22)E22Q or simply E22Q, measured its life-

time and mapped the process of its transition to the thermodynamic product. This result 

suggests an alternative self-assembly mechanism, illustrates the underlying physical factors 

influencing the structural transition during self-assembly and further demonstrates the dynamic 

nature of amyloid assemblies over time.    

 

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 

KLVFFAQ 
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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 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. Molecular 

weight was confirmed by MALDI-TOF using a 2,5-dihydroxybenzoic acid matrix. 

 

Transmission Electron Microscopy (TEM): A TEM copper grid with a 200 mesh carbon 

support (Electron Microscopy Sciences) was covered with 10 μL of a diluted peptide solution 

(0.05 mM to 0.1 mM) for 1 min before wicking the excess solution with filter paper. 10 μL of 

the staining solution, either (2% uranyl acetate, Sigma-Aldrich, or methylamine tungstate, Ted 
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Pella, Inc) was added and incubated for 2 min, excess solution was wicked away, and the grids 

were placed in desiccators to dry under vacuum overnight. Methylamine tungstate was used for 

early time point micrographs due to superior contrast of ribbons compared to uranyl acetate A 

Hitachi H-7500 transmission electron microscope was used to image the samples at 75 kV. 

 

Circular Dichroism spectroscopy: Jasco-810 circular dichroism (CD) spectropolarimeter was 

used to record CD spectra in a 20 μL cell with a 0.1 mm path length at room temperature. The 

reported spectra represent the average of three scans between 260 nm to 190 nm with a stepsize 

of 0.2 nm and a speed of 100 nm/s. Ellipticity , θ, in mdeg was converted to Molar ellipticity 

[θ] with [θ] = θ/(10 x c x l), where c is the peptide concentration in moles/L and l is the path 

length in cm.  

 

Attenuated Total Reflectance Fourier Transform Infrared (AT-FTIR): Aliquots (10μL) of 

peptide solution were dried as thin films on an Pike GaldiATR (Madison, WI, USA) ATR 

diamond crystal. FT-IR spectra were acquired using a Jasco FT-IR 4100 (Easton, MD, USA) at 

room temperature and averaging 500 to 800 scans with 2 cm-1 resolution, using either an MCT 

or TGS detector, 5 mm aperture and a scanning speed of 4mm/sec. Spectra were processed with 

zero-filling and a cosine apodization function. IE-IR spectra were normalized to the peak height 

of the 12C band. 

 

X-ray powder diffraction sample preparation: Mature fibrils were centrifuged at 16,100xg 

for 10 min and the pellet was frozen and lyophilized to yield a dry powder and used directly for 
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X-ray powder diffraction. The diffraction patterns were measured with Bruker APEX-II 

diffractometer with graphite monochromated Cu radiation K-alpha radiation, λ= 1.54184 Å, 

40kV and 35 mA, with a 0.5 pinhole collimator and with exposure times of 300 s per frame. 

The sample was loaded into a 0.2 mm mylar capillary. The data integration software 

XRD2SCAN was used to convert the two dimensional data into a θ-2θ scan. 

 

Seeded Assembly: 0.8 mM [1-13C]F19 Aβ(16-22)E22Q monomers were dissolved in 20% 

acetonitrile/water with 0.1% TFA and bath sonicated for 10 min. 1% mature [1-13C]F19 Aβ(16-

22)E22Q fiber that had been confirmed as parallel by FT-IR were vortexed for 10 seconds to 

form seeds and added to the monomer solution. 

 

Results 

 

E22Q assembles through an anti-parallel to parallel β-sheet transition 

 

Based on the structure-conformation relationship discussed in previous chapters, E22Q 

contains competing physical factors favoring opposite strand registry. To investigate which 

conformation would be the pre-dominant one at different stages of assembly, peptides were 

dissolved and assemble in 20% acetonitrile/water (20%MeCN/H2O) with 0.1% trifluoroacetic 

acid (TFA) (v/v). The assembly process was monitored with Transmission Electron Microscopy 

(TEM) and Infrared Spectroscopy. 
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Figure 3-4. TEM of the morphological change of Ac-KLVFFAQ-NH2. Upon dissolving, 

particles and twisted ribbons were observed. These ribbon kept elongating and becoming 

thinner over-time. After 20 days, peptide conformation shifted to fibers with 11.6±1.2nm 

(scale bar 200nm) 

 

TEM result shows that upon dissolving of the peptides, particles and short twisted ribbons 

emerge (Figure 3-4 A). Overtime, these ribbons elongate and became thinner, meanwhile 
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straight, non-twisted fibers started to appear (Figure 3-4 B). Eventually, the whole system 

stabilized as homogenous, straight fibers (Figure 3-4 C) with diameter around 11nm (Figure 

3-4 D).  

 
Figure 3-5. The FT-IR spectrum on the first (Black) and final day (Red) 

They both exhibit a 1625cm-1 peak of β-sheet. On day 0, the broad peak around 1675 cm-1 

comes from unassembled peptide, the weak peak at 1676 cm-1 suggested ordered glutamine 

side-chain or Q track. 

 

FT-IR study proved that both the initial ribbon and end fiber state consist of β-sheet, consistent 

with amyloid formation (Figure 3-5). To better understand the structural details of these 

changes, isotope-edited IR experiment was conducted with 13C=O enrichment on the central 

phenylalanine, forming [1-13C]F19 Aβ(16-22)E22Q, where 12C/13C coupling is strongest and 

the most diagnostic of β-strand orientation5,7,16.  
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Figure 3-6. IE-IR spectrum of [1-13C]F19 Aβ (16-22)E22Q at the beginning and end of 

assembly process. 

 

Upon dissolving, the IE-IR (Black line) signal is consistent with anti-parallel out-of-register 

β-sheet with the 12C-13C splitting of 40cm-1 and 12C/13C peak ratio is less than 1. At the end of 

transition, the 12C-13C splitting has decreased to 33 cm-1 and the 12C/13C peak ratio is greater 

than 1.   

 

IE-IR shows a band splitting of almost 40cm-1 and a 12C/13C peak ratio of ＜1 (Figure 3-6, 

Black line). This spectrum is consistent with what has been assigned to anti-parallel out-of-

register β-sheet.7 However, this conformation does not persist as at the end of the assembly 

where the conformation stabilized as non-twisted homogenous fibers, the 12C peak is red-shifted 

while 13C peak went through a blue shift. Meanwhile, the 12C/13C intensity has increased to 1.3 

(Figure 3-6, Red line). 

 

To confirm the structure of the fibers, circular dichroism (CD) and X-ray powder diffraction 
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(XRD) experiments were conducted. The 217 nm minimum of CD signal and the d-spacing 

reflections of 4.76 and 10.1 Å confirmed the cross-β structure of the fiber as the thermodynamic 

conformation. (Figure 3-7) 

  

 

 

Figure 3-7. CD and XRD of [1-13C]F19Aβ(16-22)E22Q fibers when conformation transition 

is complete. The CD (upper) data shows an ellipticity minimum at 217nm, consistent with a β-sheet 

conformation. XRD diffraction pattern (bottom) exhibit classical cross-βconformation with reflections 

at 4.76 Å representing hydrogen-bonding between peptide strands and 10.1 Å showing distance in 

between β-sheets.  
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The orientation and registery of the final orientation is determined through the rate of double-

quantum coherence build-up through homonuclear dipolar coupling in 13C DQF-DRAWS solid-

state NMR experiment with [1-13C] label on L17. Using the infinite array approximation 

(Figure 3-8) and including the effects of double quantum relaxation, T2DQ=11.7ms (Figure 3-

9). The buildup of [1-13C]L17 intensity fits a parallel in-register strand arrangement Figure 

(Figure 3-10), 

 

Figure 3-8. 13C Double-Quantum Filtered DRAWS calculated build-up curves comparing 

linear arrays of 13C spins to a 3-spin loop. The DQ build-up for the linear array of spins 

appears to be asymptotically approaching the 3-spin loop.  
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Figure 3-9. 13C Double Quantum relaxation (T2DQ) of [1-13C ]L17 Aβ(16-22)E22Q. 

T2DQ was measured by inserting a composite 180°pulse between DRAWS pulses.17 Solid line 

is best fit of a monotonically decaying exponential to the experimental data points.  
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Figure 3-10. Determination of β-sheet conformation of [1-13C] L17 Aβ(16-22)E22Q fibers. 

(A)Cartoon showing the relative position of [1-13C] L17 (green) when peptide adopt various 

β-sheet conformations. 

(B) Peak intensity (data points) for double-quantum buildup divided by total 13C signal 

intensity. The beset fit to DQ buildup is with a 4.7 Å 13C-13C distance.  

(C) Peptide model built according to DRAWS data with parallel in-register β-sheet. Lysine 

and glutamine were colored blue and orange respectively.  
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Measuring the kinetics of conformational transition 

 

Based on data collected during the transition process, a transition from anti-parallel out-of-

register to parallel in-register β-sheet can be observed, especially through the 13C peak position. 

To better understand the mechanism of such a transition, the kinetics of such transition can is 

measured by the 12C-13C peak splitting and 12C/13C peak ratio of the IE-IR spectrum of [1-

13C]F19 Aβ(16-22)E22Q over time (Figure 3-12). 
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Figure 3-11. Time dependence of the assembly of 1mM [1-13C]F19 Aβ(16-22)E22Q at acidic 

pH in 20% MeCN/H2O containing 0.1% TFA monitored by isotope-edited IR analysis with 
12C/13C splitting (black) and relative peak height (red) for assemblies collected at multiples 

 

It can be observed that the assembly started as anti-parallel out-of-register and maintained in 

that conformation for about five days. Later, the transition started and the sigmoidal line shape 

for both 12C/13C peak ratio and 12C-13C peak splitting indicated a self-catalytic process. In the 

first five days, no IR change can be observed as peptides initially assemble into anti-parallel 

out-of-register ribbons and that conformation persists for a while. Then later, in day 5, parallel 

β-sheet was formed and upon its formation, a self-catalytic process was initiated, therefore the 

whole system goes through a sigmoidal transition into parallel structure and stabilized into 

thermodynamically most stable structure.  
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Mapping conformational changes with IE-IR fitting 

 

The IE-IR fitting established in the previous chapter enables us to understand the species 

distribution, which is one step further than simply measuring the splitting in last chapter. The 

IE-IR data taken for [1-13C]F19 Aβ(16-22)E22Q was fitted into the basis sets using 

mathematica and the corresponding coefficients of different spectra are plotted against time.  

 

From the data (Figure 3-12), we can see that upon dissolving, the solution contains 

predominantly twisted ribbons (blue line) and unassembled peptide (purple line). This state 

persisted for around seven days before the emergence of parallel species (green line).Along 

with the seeding experiment mentioned before, this graph further substantiates the statement 

that there is no parallel fiber during the first week of assembly and parallel nucleus appears 

within the middle. Upon the appearance of parallel fiber on day 7, a rapid and cooperative 

increase of the parallel species is observed till it reaches full completion.  The increase of 

parallel species and the decrease of anti-parallel out-of-register peptide are clearly observed in 

panel B. Additionally, there is negligible amount of anti-parallel in-register during the process. 

This is in drastic contrast from the salt sample and mono-methylated sample in later studies. 

18The development of IR fitting basis sets enables us to monitor population changes of a 

polymorph system over time therefore can be further applied to investigating various internal 

(sequence, concentration, side chain) and external (salt, pH, dielectric and agitation, etc.) 

factors’ influence on a self-transitioning amyloid system.  
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Figure 3-12. Fitting of the IE-IR spectrum of [1-13C]F19 Aβ(16-22)E22Q over time. 

(A) The change of various populations overtime.  

(B) The trend of various population change for various conformations.  

(C-F) Best fits (red line) to individual IE-IR specta of [1-13C]F19 Aβ(16-22)E22Q (black 

squares) at different time. Spectra of the basis set are scaled according to their coefficient and 

coloured as in panel A. 

 

Glutamine side chain is the determining factor of the structural transition 

 

Based on the results, the electrostatic repulsion and inter-strand hydrogen dominates different 

stages of the assembly process. In the nucleation phase, due to the high concentration of 

peptides, lysine-lysine repulsion is the dominating force, driving an anti-parallel strand 

orientation. During elongation, the aqueous environment around the elongating ends attenuates 
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the repulsing forces, allowing the Q-Q hydrogen bonding to dominate the assembly and leads 

to a parallel sheet formation.   

 

To test the hypothesis that Q-Q interaction is the crucial factor for formation of parallel-β sheet, 

we methylated the two hydrogen on glutamine side chain and observe the peptide’s behavior. 

Results show that interruption of hydrogen bond formation by methylation prevents the 

structural transition. 

 

As indicated in figure 3-13. Aβ(16-22)E22Q assembles into parallel non-twisted fibers with 

13C peak at 1062cm-1 and Q band at ~1677 cm-1. The di-methylated Aβ(16-22)E22QN(CH3)2 

mutant remains in anti-parallel out-of-register state without transitioning, as indicated in the 

broad splitting of IE-IR spectrum and the ~40cm-1and a weak band at ~1695 cm-1.7 

 

This experiment proves the formation of parallel β-sheet is dictated by the Q track formed 

Figure 3-13. Impact of methylation the glutamine side chain on Aβ (16-22)E22Q. TEM shows the conformation 

of different side-chain modifications (left). IE-IR of stabilized E22Q (Blue) vs di-methylated E22Q (Black)

(right). 
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through inter-strand hydrogen bonding between neighboring glutamines, without which no 

transition can be observed as only anti-parallel out-of-register strand orientation is only 

observed with the methylated mutant. Additionally, the typical d spacing of 10.1Å obtained 

through X-ray crystallography proves the formation of Q track is within one layer of β-sheet 

instead of between sheets. Because inter-sheet hydrogen bonding would decrease the distance 

between β-sheet and decrease the sheet-stacking(lamination) distance by 2Å as is seen in 

polyglutamine peptides19.  

 

The impact of pathway barrier adjustment on amyloid conformational transition  

 

With IE-IR fitting, the transition kinetics can be mapped and a more detailed conformational 

distribution analysis can be conducted, especially for the mono-methylated glutamine sample. 

Mono-methylation of glutamine attenuates the Q track hydrogen bonds. The resulting congener 

samples a wider range of intermediates, and transitions more than 10 times slower than regular 

E22Q. The result is shown in Figure 3-14. After IR fitting, the slightly more hydrophobic N 

terminus congener shows less unassembled peptide upon dissolution of the monomers. 

Additionally, species such as anti-parallel in-register (colored in pink) is higher than E22Q. The 

emergence of parallel fiber is earlier despite the longer transition time. This indicates a different 

and more complex pathway of transitioning for mono-methylated E22Q mutant. Additionally, 

the TEM of 3 weeks’ sample shows more bundled morphologies, suggesting alternative ways 

of fiber association. This could serve as the reason for different transition kinetics. Despite the 
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difference in the middle, at long times, fits of the IR spectra show virtually exclusive parallel 

β　 -strand orientation with the same smooth, straight fibers dominating the electron 

micrographs (Figure 3-14 C and G). 
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Figure 3-14. IR fitting of mono-methylated E22Q over time. 

(A) Compared to E22Q, the congener has higher ratio of anti-parallel intermediates and takes 

longer to transition.  

(B) Negatively stained TEM of 21 day is heterogeneously bundled.  

(C) On day 205, straight smooth fibers are the dominant morphology observed.  

(D-G) IE-IR fitting of different time points. 

(H) The trend of various population change for various conformations. 
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Seeding experiment supports the lack of parallel nuclei at the beginning of assembly 

 

To better support the argument of a self-catalytic process, 1% parallel seeds were added at the 

beginning of the assembly. IE-IR and TEM are taken to monitor the transition of the assembly. 

From figure 3-15, the 0hr IE-IR represents anti-parallel out-of-register, which means the 

peptides still form the kinetic intermediate first. Additionally, it also proves that 1% parallel 

fiber’s signal is too weak and therefore negligible in the IE-IR spectrum. However, unlike pure 

sample where there was a five day waiting time, the transition from anti-parallel to parallel 

happens immediately for the seeded sample and the whole process is completed in 8 hours.  
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Figure 3-15. Conformational change of [1-13C]F19 Aβ(16-22)E22Q seeded by 1% parallel 

fiber as seeds. 

At 0 hr, the assembly still maintains an anti-parallel out-of-register conformation as shown by 

the ribbon on (A)TEM and the peak position on IE-IR. The transition is much faster as in (B) 

3hr fibers can be observed and 13C peak has dramatically shifted; in (C) 8hr, only 

homogenous non-twisted fibers can be seen and the 13C peak is at parallel position. (D) FT-IR 

spectra of 13C amide I band of 0.8mM [1-13C]F19 Aβ(16-22)E22Q seeded with mature [1-
13C]F19Aβ(16-22)E22Q. 13C band positions for anti-parallel out-of-register (o) and parallel 

assemblies (p) are indicated with dashed lines. 

 

 

D 
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Figure 3-16. Comparison of transition kinetics of seeded vs unseeded Aβ (16-22) E22Q 

 

As can be observed from Figure 3-16, the presence of parallel fiber would immediately trigger 

the transition process and the process would complete in about 8 hours. This result further 

confirmed parallel β-sheet as the thermodynamic product. Additionally, this result further 

proves the absence of parallel fibers in the first five days of the assembly, and that the parallel 

β-sheet only emerges in the middle of the assembly process. 

 

Parallel nuclei is likely to emerge from mutation 

 

After the establishment of parallel emerging only in the middle of the assembly, the next 

question is on the origin of parallel nuclei. Did they emerge at the surface of the elongating 

intermediate or the end of the intermediate? The former process utilizes the surface of the anti-

parallel amyloid as a nucleation cite for the new structures to emerge; the latter is a result of 
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“mismatch” during elongation where the Q of incoming monomer first contacts the Q on 

template, driving the rest of the peptide to a parallel strand alignment.  

 

Figure 3-17. Potential mechanism for parallel nuclei formation. 

 

To differentiate between these forces, shear force was applied to the solution. A magnetic stirrer 

was stirring at 250 rounds per minute. Under the mutation model, stirring will segment the pre-

formed anti-parallel amyloids, generating more ends for a higher rate of mutation; yet the 

secondary nucleation model depends on the surface area, which won’t be increased by stirring. 

Therefore, an increase of mutation rate indicates the assembly is likely to result from mutation.   
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Figure 3-18. Stirring experiment supports mutation mechanism. (A)The impact of active ends 

and surface area under stirring (B) The IE-IR spectra of stirred (red) and quiescent (black) 

sample on day 4.(C) IE-IR fitting result of the day 4 IE-IR spectra of stirred and quiescent 

sample.  

 

 

 

A 

B 
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Conclusion 

 

 

Figure 3-19. The assembly process of Aβ(16-22)E22Q 

 

In this chapter, the assembly process of the nucleating core of Aβ Dutch mutant Aβ (16-22) 

E22Q is mapped out experimentally. As in Figure 3-19, once dissolved, peptide collapses into 

particles due to hydrophobic side chains of the peptide. Within the particle, paracrystalline 

amyloid structures start to form and anti-parallel nucleus are formed as kinetic product. In this 

phase, lysine-lysine repulsion is the dominating force due to the high concentration of peptides 

within the particle and the hydrophobic environment within the particle.  After elongation, 

peptide ends a more exposed to the aqueous environment that could buffer the electrostatic 

repulsion between lysines. Meanwhile, the upcoming peptide that attaches to the end of amyloid 

could form a “mismatch” of parallel strand orientation that is stabilized by inter-strand 

glutamine hydrogen bonding, which is a stronger force than the repulsive tendency introduced 

by lysines. Such a thermodynamically more stable parallel structure starts to accumulate into a 

critical concentration, and then goes through a self-propagating process by seeding and 

eventually assimilate peptide monomer and dominate the whole assembly.  
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Our study demonstrated that the nucleating core of amyloid Dutch mutant Aβ(16-22)E22Q can 

be established as a system to study the competing tensions of thermodynamic and kinetic 

control of the amyloid assembly process. The whole sequence Aβ and other amyloidogenic 

proteins would have a more dynamic and diverse assembly pathways, especially in a more 

complex fluid environment20 of cells.  

 

As one of the dominating factor for the kinetic transition of Aβ(16-22)E22Q, glutamine 

increases the propensity for the formation of parallel strands and generates a more diverse and 

dynamic amyloid network. This might explain the mechanism for the high toxicity21 and earlier 

onset22 of Alzheimer’s patients carrying the Dutch mutant.  
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Chapter 4. Ionic effect on the conformational 

transition of amyloid 

 

Introduction 

 

In previous chapters, using the nucleating core of Aβ Dutch mutant, Ac-KLVFFAQ-NH2 or 

E22Q, we mapped out its structural transition from anti-parallel within the particle to parallel 

in the elongation phase, highlighting the intermediate state emerged due to the 

microenvironment in particle phase. In dry particle phase, high peptide concentration prevents 

parallel peptide orientation, giving rise to anti-parallel nuclei. After elongating into solution 

phase, the solvent shields the electrostatic repulsion of lysine and Q-Q hydrogen bonding favors 

the parallel strand orientation. Ions have been known to regulate amyloid self-assembly by 

altering the dielectric constant or direct shielding of charges on peptide. Here, we demonstrate 

the first example of fully quantified transitioning amyloid system both in terms of kinetics and 

conformation distribution. Our study shows that salts impacts the process differently by state: 

in the particle phase, salt increases the degree of assembly but do not alter the conformation; in 

the elongation phase, salt speeds up the emergence of parallel nuclei and introduces 

heterogeneity.  
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The self-assembly process for peptides and proteins to self-assemble into cross-β structures 

have been intensely studied since the discovery that insoluble protein fibrils are implicated in 

the molecular etiology of many human diseases. Peptides derived from the nucleating core of 

Aβ sequence associated with Alzheimer’s disease assemble into robust nano-artitectures, 

including fibers, ribbons and nanotubes with different strand orientation and registration.1 

From monomer to supramolecular structure, peptides go through phase transitions of 

oligomerization, nucleation and propagation into paracrystalline assemblies. The process is 

complex, with both kinetic and thermodynamic factors contributing to the final structure over 

time. Environmental effects are infinite, with changes in pH, mechanical stress, ionic strength, 

solvent, and temperature contributing significantly to observed changes in protein folding and 

amyloid assembly pathways.2 Of these, ionic strength, or the presence of salts, is extensively 

characterized. 

 

Ion effects are specific and ubiquitous in chemical and biological systems and have 

demonstrated significant influences in amyloid self-assembly3.Salt has been known to interact 

with Aβ peptide’s self-assembly and alter assembly mechanisms, 4,5accelerate assembly6, the 

gelation process7 and their conformation transitions. 8 So far, salts’ impact is categorized into 

the following mechanisms:  

 

1. Lower dielectric constant  

Coulomb’s law dictates the electric force is dictated by the distance of two charges and their 

distance.  
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Where Q1 and Q2 represent the charge and d indicates the distance. Coulomb’s constant k is 

dependent on the medium. In air, its value is 9.0 x 109 N • m2 / C2.  

The dielectric constant is used to measure the resistance of solvent to Coulombic interaction 

between two charges. Water has high dielectric constant as it decreases charge interaction. Its 

relative dielectric constant against vacuum is around 80. Solvents with high dielectric constant 

become less permeable to charge interaction. The presence of salt limits water’s distribution, 

therefore decreasing water’s dielectric constant and limiting its disturbance of charge 

interaction in solution between ions. Inorganic solvents are also known to lower the dielectric 

constant. The dielectric constant for acetonitrile is around 37.5.  

 

2. Hofmeister series 

 

The Hofmeister series is used to measure the effects of ions on protein solubility and stability. 

It was first introduced as a ranking of the capacity of different ions to precipitate egg white 

proteins. Those that increase solubility and decrease stability are called chaotropes; others are 

named kosmotropes. Its mechanism is speculated to alter protein-water interaction through ion 

hydration, recent studies also proposed the mechanism is direct ion-macromolecule 

interaction.9,10  
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Figure 4-1. Hofmeister series and their physical effects 

 

3. Debye−Hückel effects  

 

Ions cluster nonspecifically around charged protein groups, weakening the protein’s charge 

interaction. 11 This screening can destabilize attractive forces and mitigate repulsive forces as 

well.  

 

4. Electroselectivity series 

 

Ions specifically interact with charged or polar group of a peptide. Its strength is measured by 

the affinity to ion-exchange resins. 11  

 

No single mechanism determines salts’ impact on self-assembly. Mostly, salt acts through an 

interplay of different patterns, which is strongly influenced by peptide, solvent, ion and salt 

concentration. The decoding of these mechanism depends on studying the effect of salt on 

assembly at various salt concentration for different ions. Marek et.al revealed that salt’s impact 
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on IAPP differs with salt concentration. At lower concentration, the identity of anion impacts 

the rate of assembly, yet at high concentrations the rate scales with Hofmeister type ion-specific 

sequence. 11 

 

The Dutch mutant of this model peptide, Aβ(16-22) E22Q, Ac-KLVFFAQ-NH2, carries a 

substitution of glutamine for glutamic acid at the C-terminal position. Liang et al.7 observed 

that different para-crystalline structures could form during the course of assembly. After the 

initial particle phase, anti-parallel out-of-register ribbons and twisted fibers emerged from 

within the particles. This was argued to arise from the charge repulsion of the N-terminal lysine 

inside the low dielectric environment of the particles. However, this was the kinetic product of 

the assembly, as propagation in solution gave rise to the parallel in-register fibers via template-

directed mutations. The thermodynamic product, the parallel structure, was stabilized by 

hydrogen bonds formed between glutamines of the adjacent strands. Once the concentration of 

the parallel fibers reached a certain threshold, strand breakage would generate more catalytic 

templates such that the parallel structure propagates auto-catalytically.12 

 

The conformational distribution of various β-sheet intermediates over time can be measured by 

IE-IR fitting experiment with the establishment of basis sets through solid state NMR1, making 

it an ideal system to study the environments’ influence on the self-assembly pathway. In this 

chapter we utilize the self-transitioning system of E22Q to decipher salt’s effect on different 

stages of self-assembly.  
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Methods 

 

Fibril Assembly in the presence of salt: [1-13C]F19 Ac-KLVFFAQ powder was dissolved in 

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma) and sonicated for 30min and then dried in a 

vacuum desiccator for 48 hours to form a clear film of monomerized peptide. The film was 

dissolved in 20% acetonitrile/water with 0.1 vol% TFA, bath sonicated for 10 min and different 

concentration of NaCl was added into each sample from a 4M stock solution. The samples were 

incubated at room temperature to assemble. 

 

Attenuated Total Reflectance Fourier Transform Infrared (AT-FTIR): Aliquots (10μL) of 

peptide solution were dried as thin films on a Pike GaldiATR (Madison, WI, USA) ATR 

diamond crystal. FT-IR spectra were acquired using a Jasco FT-IR 4100 (Easton, MD, USA) at 

room temperature and averaging 500to 800 scans with 2 cm-1 resolution, using either an MCT 

or TGS detector, 5mm aperture and a scanning speed of 4mm/sec. Spectra were processed with 

zero-filling and a cosine apodization function. IE-IR spectra were normalized to the peak height 

of the 12C band. 

 

Fitting of Isotope-Edited FTIR Spectra:[1-13C]F19 IR spectra were analyzed with 

Mathematica 10, with the NonlinearModelFitmodule that allowed for use of a model of the 

functional form: pC*parafn[x] + apC*antifn[x] + apoC*antiOutfn[x] + uC*unassemfn[x] + 

rC*ribbonfn[x], where pC, apC, apoC, uC and rC are scaling coefficients for the individual 
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reference spectra.Although the fits are a linear combination of basis set spectra, the 

NonlinearModelFitmoduleallowed for use of spectra that were interpolated as a function 

corresponding to the range from 1575 cm-1 to 1718 cm-1. In the fits, scaling coefficients were 

constrained to be ≥ 0.  

 

Solid state NMR: Assembled amyloid was centrifuged at 14000 rpm under 4℃ for 20min to 

form a pellet. The pellet was then lyophilized to yield dry powder. TEM confirmed the presence 

of fibers. The NMR sample 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)13-15 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 coupling. Maximum dephasing occurs when the spacing between 

the 　-pulses is equal to ½ of the rotor-cycle. The sequence without any 15N dephasing 　-

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. 
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To compensate for pulse imperfections, xy8 phase cycling16 of 13C{15N}REDOR13-15 4 and 8 μs 

rotor-synchronized 13C and 15N π-pulses, respectively, and EXORCYCLE phase cycling17,18 of 

the final 13C Hahn-echo refocusing pulse were applied with 128 kHz Spinal6419 1H decoupling. 

To minimize the effects of RF inhomogeneity18,20, 13C π-pulse 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.21 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 

0.5.21 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 function22 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 spins23.  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.  
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Results 

 

E22Q assembly is dissolved in 20%MeCN/H2O with 0.1% TFA and the assembly process 

monitored in the presence of 0mM, 10mM, 25mM and 50mM, 100mM NaCl to evaluate the 

dependence of assembly on the dielectric of the media. The results are categorized according 

to different phases of self-assembly. A higher concentration of sodium chloride and divalent 

salt such as sodium sulfate are not included due to precipitation of peptides (data not shown).  

 

Particle phase 

 

To investigate the influence of sodium chloride on E22Q within the particle phase, IE-IR, CD 

and TEM were measured for samples with different salt gradients and these data were compared 

to samples without additional salt.  

 

From TEM (Figure 4-2 A), all samples formed particles. The particle size increases with NaCl 

concentration. When zoomed in into the particle, ribbon nuclei could be observed. For the 25-

100mM samples, the elongation initiated upon dissolving. CD trend (Figure 4-2 C) is 

consistent with TEM. CD shows a positive peak of 202nm and a negative peak at 233nm, 

corresponding to β-sheet formation. When ellipticity was plotted against the NaCl 

concentration at 202nm, a linear relation was observed. Within bigger particles, larger and more 

extended ribbons could form. When NaCl concentration was above 50mM, ribbons were seen 
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to be extended out of the sphere of particle within hours.  

 

Despite the change in degree of assembly, the structure of nuclei remains constant. From IE-IR 

spectra (Figure 4-2 B), different concentrations of sodium chloride did not alter the structure 

of nuclei, the splitting and peak ratio correspond to anti-parallel out-of-register β-sheet. This 

indicates the presence of anion could not negate the electrostatic repulsion within the particle 

phase to directly lead to parallel nuclei formation, likely due to the inaccessibility of ion into 

the particle. Therefore, despite the presence of anion, within particle phase amyloid 

conformation is still governed predominantly by lysine-lysine repulsion. 
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Figure 4-2. TEM, CD and IE-IR of assembly under different NaCl concentrations. 

(A) TEM image taken 1hr after assembly. At day 0, for 0mM and 10mM salt, round particles 

can be observed. When zoomed in, these particles contain ribbon structures. For samples with 

25mM-100mM NaCl ribbons have grown out of particle sphere and extended into the 

solution. 

(B) The IE-IR signal shows these samples have identical secondary structure, which is anti-

parallel out-of-register ribbon.  

(C) CD has the same peak position for all gradients with peak at 202nm and a negative peak 

at 233nm. The peak intensity increases linearly with concentration of salt, meaning salt 

promotes the assembly.  

 

Elongation and conversion  

 

NaCl speeds up emergence of parallel β-sheet  

 

Previously12, we argued that the onset of parallel β-sheet results from a “mismatch” during the 

elongation process. With the presence of NaCl, ionic screening effect could lower the energy 

barrier of parallel β-sheet formation. Additionally, NaCl speeds up elongation rate, which is the 

A  B

C
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number of peptides adding to the end of existing template per unit time. Therefore, we 

hypothesize that the emergence of parallel structure would be accelerated with an increase of 

NaCl concentration. From previous paper, the splitting between 12C and 13C band decreases as 

the transition happens; this is used as a parameter to measure transition kinetics. For all IR 

spectra taken from day 1 to day 18 of the assembly under one specific NaCl condition, the 

splitting between 12C peak (at roughly 1638 cm-1) and the 13C peak (at roughly 1600 cm-1) was 

fitted to the Boltzmann function. The fitting curves at 0 mM, 10 mM, 25 mM, 50 mM and 

100mM NaCl concentration are displayed in Figure 4-3.  
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Figure 4-3. Transition kinetics of assembly under different NaCl concentrations. (A) 12C-13C 

splitting as a function of NaCl concentration fitted to Boltzmann function. (B) The half time 

of transition under different NaCl concentrations.  

 

From the data, we could see the onset of conformational transition is earlier as more NaCl is 

present. Additionally, the transition process is speeded up by NaCl. As a result, the T1/2 of 

transition for 0mM, 10mM, 25mM and 50mM are 10, 7, 6, 4, 1 days separately. When the half 
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time of transition is plotted against NaCl concentration, a linear relationship can be observed. 

A higher salt concentration precipitates the peptide and is not included in the data (data not 

shown).  

 

NaCl introduces heterogeneity 

 

However, the effect of NaCl does not favor parallel conformation exclusively. Although 

the transition is speeded up by increased ionic strength; the transition is not as complete as the 

control sample. From TEM (Figure 4-4) and IE-IR (Figure 4-5), the 12C and 13C bands are 

broadened with the presence of NaCl. From previous paper, we developed IE-IR de-convolution 

to sort out populations of different conformations; we used that method to analyze the content 

of the sample and discovered that as the NaCl concentration increases, the percentage of parallel 

peptide decreases and anti-parallel in-register appeared to increase. Additionally, anti-parallel 

in-register population, which had no presence in 0mM sample, increased significantly. There is 

a reverse of trend for 100mM NaCl sample. The higher percentage of parallel β-sheet in 100mM 

sample results from the early appearance of parallel fiber whose presence dominates the 

assembly and replicates at a higher rate than competing conformations. It’s worth noticing that 

the coefficient of different conformation is not known so the graph does not stand for actual 

percentage. Even though the beginning of the assembly process can be characterized by CD, as 

the assembly continues, peptides stated to form gel-like particles and the CD signal disappeared 
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due to diffraction (data not shown). 

 

 

Figure 4-4. TEM image of stabilized fiber under 0mM, 50mM, and 100mM NaCl 
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Figure 4-5. IE-IR of the stabilized sample under different NaCl concentrations (top). 

Distribution of various conformations under different NaCl concentrations (bottom). 

 

The IE-IR data provides a fast and economic way to examine different conformations yet the 

accuracy is limited. The IE-IR spectra of high NaCl samples exhibit low signal and high noise, 

therefore is less reliable than no-salt sample. Data had to go through water elimination and 

sometimes smoothing on Jasco FT-IR 4100 software. Therefore, IE-IR and IR fitting can be 

used to observe a pattern but to obtain more accurate conformation distribution data and 
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substantiate IR fitting result, REDOR and DRAWS solid-state NMR experiments need to be 

conducted on E22Q assembled under NaCl. We chose 100mM concentration to increase the 

concentration of peptide and salt helps the preparation of the sample. 

 

The specific registry can be defined via the rate of double-quantum coherence dissipation 

through homonuclear dipolar coupling in 13C DQF-DRAWS solid –state NMR experiments. 

12Using infinite array approximation and double quantum relaxation T2DQ = 11.7ms, the solid-

state NMR data for [1-13C] enriched L17 peptide assemblies defined the percentage of parallel 

in-register strand within the bulk assembly. From figure 4-6 C, the 13C DRAWS DQ efficiency 

of sample with 100mM NaCl (red curve in figure 4-6 A) is reduced by 26 ± 3% compared to 

the no salt sample (black curve in figure 4-6 A), indicating the reduced percentage of parallel 

β-sheet when the assembly system reaches equilibrium. and solid-state NMR 

13C{15N}REDOR13 analyses with [1-13C]L17 and [15N]A21 enriched peptides showing out-of-

register (9 ± 3%) and in-register (7 ± 3%) anti-parallel assemblies, leaving 10% of the peptide 

existing in other forms (natural abundance). The solid-state NMR experiment supports IR 

fitting in deciphering conformational distribution of different confirmations and substantiate 

the existence of anti-parallel strand orientation.  
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(A) Cartoons showing positions of 13C (green) and 15N (orange) enriched residues in β-sheet 

registry.  

(B) 13C Double Quantum relaxation (T2DQ) of [1-13C]L17 Aβ(16-22)E22Q assembled at acidic 

pH (black) and [1-13C]L17 [15N]A21 Aβ(16-22)E22Q assembled at acidic pH in the presence 

of 100 mM NaCl (red). T2DQ was measured by inserting a composite 180° pulse between 

DRAWS pulses. Solid line is best fit of a monotonically decaying exponential to the data points. 

B 

D 

C 

Figure 4-6. β-sheet registry in Aβ(16-22)E22Q assemblies. 
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(C) 13C DQF-DRAWS for [1-13C]L17 Aβ (16-22)E22Q assembled without (black) and with 

(red) 100mM NaCl.  

(D) 13C{15N}REDOR dephasing for [1-13C]L17 [15N]A21 Aβ (16-22)E22Q assembled in the 

presence of 100mM NaCl. Solid line is calculated dephasing for anti-parallel β-strands that are 

in-register (7%) and out-of-register (9%). REDOR plateau is consistent with 16% of peptides 

assembled as anti-parallel β-sheets. 

 

 

Discussion 

 

The data suggests that NaCl impact assembly at different phases. At the nucleation phase, NaCl 

doesn’t impact the secondary structure of nuclei but increases particle size and nucleation rate. 

For samples with NaCl concentration higher than 50mM, elongation happened within an hour 

and long extended ribbons can be observed. The degree of assembly measured by CD is in 

direct proportion to NaCl concentration. The increase in assembly kinetics is likely a result of 

Hofmeister effect as a linear relationship exist between NaCl concentration and degree of 

assembly, meaning the NaCl is impacting the property of solution instead of around solutes. 

Other mechanisms involving salt’s impact on amyloid should plateau due to saturation. 

 

Within elongation phase, due to charge screening, NaCl speeds up transition from anti-parallel 

to parallel β-sheet. Previously, we reported the appearance of parallel nucleus is from a 

mismatch or mutation during the elongation process. As amyloids elongate through a dock and 

lock mechanism in which a peptide approaches an existing amyloid template, searches through 

energy landscape and eventually lock into the structure of the template. 25With the presence of 

NaCl, the formation of parallel structure is less energetically costly due to screening. 
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Additionally, the elongation rate is faster. Therefore, the possibility of a peptide docking as 

parallel is higher than that from no NaCl condition. Therefore, the data substantiates our 

original hypothesis.  

  

However, despite the higher rate of higher NaCl samples, the transition is incomplete: at 

equilibrium, anti-parallel out-of-register conformation stills remained and a new conformation: 

anti-parallel in-register emerged. The heterogeneity with the introduction of NaCl is in line with 

multiple studies.4,26,27 Heterogeneity triggered by NaCl could result from multiple factors. The 

increase of structural variety could result from alternative assembly pathway or secondary 

nucleation. Salt disrupts multiple forces leading to nucleation including hydrogen bond, 

electrostatic repulsion, dielectric constant of the solution, and particle size therefore alternative 

assembly mechanism could occur. The bundling could easily serve as a surface to induce 

secondary nucleation. With NaCl screening the charge, peptide precipitation could also occur 

and the disorganized structure could be detected as corresponding to multiple conformations.  

Kinetic trapping mechanism can be used to explain the preservation of different confirmations. 

The high strain energy of changing conformation within the amyloid fiber, conformational 

transition must go through disassociation and re-association of monomer with amyloid fiber. 

Therefore, conformational transition requires free monomer in solution as well as free-ends 

from both intermediate and thermodynamic products. The preservation of structural 

intermediates can be explained accordingly: the lower dielectric constant shifts the equilibrium 

to favor amyloid and decrease free monomer concentration. It has been reported that the 

monomer of β2-Microglobulin is depleted by salt above 40mM NaCl 24; additionally, the 
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bundling of fibers could decrease solvent exposed surface of amyloid, increasing stability of 

pre-formed amyloid. The precipitated peptide is known to trap amyloid and monomers don’t 

disassociate back into solution. These factors trapped the intermediates and increasing 

heterogeneity within the system.  

 

IE-IR provides significant amount of information on transition kinetics and the shape of 

transition is of interest: for 0mM, 50mM and 100mM, a sigmoidal growth pattern is observed 

with clear flat region at the beginning and end, yet for 25mM and 50mM, no clear lag phase is 

observed and the transition is not as corporative. This can be explained by the interplay of 

multiple functions of salt. First, a pattern can only be observed when the transition is 

predominately from one conformation to the other. The appearance of multiple species 

complicates the conformation landscape. For samples with 0 and 10mM NaCl, the anti-parallel 

out-of-register ribbon persists for a long time, creating the initial lag phase, and the transition 

is mainly from anti-parallel out-of-register to parallel. The pattern is not as obvious in 25mM 

and 50mM sample as more NaCl promotes the emergence of different conformations whose 

impact broadens 12C and 13C. With 100mM NaCl sample, parallel conformation nucleates at an 

earlier time point. This thermodynamically most stable product dominates the assembly and 

elongates self-catalytically, reducing the percentage of other intermediates, therefore restoring 

the splitting pattern to a sigmoidal change.  
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Conclusion 

 

E22Q system with isotope enrichment on F19 position is a robust system to be used to 

quantifiably characterize the conformation composition of amyloid. The splitting distance 

between 12C and 13C bands serves as the parameter easy to obtain. Here the system is used to 

study how environmental factors influence amyloid self-assembly. 

 

Our data showed that the presence of NaCl could facilitate oligomerization and the onset of 

conformational transition of E22Q system. However, the transition could not be completed and 

heterogeneity arises with NaCl. We demonstrate under specific conditions the effect of kinetic 

and thermodynamic modulators can be biased leading to the formation of different products 

and provide a better understanding of how environmental factors impact amyloid self-assembly. 
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Chapter 5    Positional dependence of Q on amyloid 

self-assembly  

 

Introduction 

 

In natural proteins, single mutation in amino acid sequence could lead to significant differences 

in structure and function, and so is the case with amyloid self-assembly1-3. Previously we have 

published that Q track causes Aβ (16-22) E22Q to go through anti-parallel intermediate before 

transitioning to parallel conformation. . Here we show the position of Q in peptide sequence 

impacts dramatically transition times and structures of amyloid aggregates. The difference is 

detected by isotope edited infrared spectroscopy (IE-IR), demonstrating that IE-IR is not only 

sensitive to amyloid secondary structures but also to large scale structural differences.  

 

Aβ Dutch mutant, with a single mutation of glutamic acid (E) to glutamine (Q) mutation, causes 

significantly increase of toxicity of the protein. Studies have shown a higher proteolysis 

resistance, enhanced cellular binding, and lowered efflux transporter affinity of Dutch mutant, 

resulting in a cerebral accumulation. 4 Patients with Aβ Dutch mutant show severe hereditary 

cerebral hemorrhage. 

 

The fact that a single amino acid point mutation changes the toxicity of Aβ so much is worth 
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significant attention. Models have shown that the E22–K28 salt bridge could stabilize the 

internal β-sheet structure5 and the replacement of E with uncharged Q, could cause structural 

shift. Additionally, Q present in the side chain can form inter-sheet hydrogen bonds, adding 

more conformational constrains to the final structure of amyloid6.  

 

In previous chapters I have shown how Q hydrogen bonds can outweigh the electrostatic forces 

in dictating a parallel β-sheet formation. Here I study the effect of the position of Q on along 

the peptide strand impacts the transition and kinetics of the amyloid growth Kinetics of 

transition are mainly measured using IE-IR and studying the structure of E22Q using TEM and 

powder diffraction.  

 

Methods 

 

Fibril Assembly: Lyophilized Peptides were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol 

(HFIP, Sigma) and sonicated for 30 min, then dried under a stream of dry N2 gas or under 

vacuum. The resultant clear film was dissolved in 20% acetonitrile/water (0.1 vol% TFA), bath 

sonicated for at least 10 min and, unless indicated, incubated at room temperature for assembly. 

To produce unassembled peptide, lyophilized peptide was dissolved in 1,1,1,3,3,3-hexafluoro-

2-propanol (HFIP, Sigma) and sonicated for 30 min and stored at room temperature in HFIP. 

 

Attenuated Total Reflectance Fourier Transform Infrared (AT-FTIR): Aliquots (10μL) of 

peptide solution were dried as thin films on an Pike GaldiATR (Madison, WI, USA) ATR 
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diamond crystal. FT-IR spectra were acquired using a Jasco FT-IR 4100 (Easton, MD, USA) at 

room temperature and averaging 500 to 800 scans with 2 cm-1 resolution, using either an MCT 

or TGS detector, 5mm aperture and a scanning speed of 4mm/sec. Spectra were processed with 

zero-filling and a cosine apodization function. IE-IR spectra were normalized to the peak height 

of the 12C band. 

 

Transmission Electron Microscopy (TEM): A TEM copper grid with a 200 mesh carbon 

support (Electron Microscopy Sciences) was covered with 10 μL of a diluted peptide solution 

(0.05 mM to 0.1 mM) for 1 min before wicking the excess solution with filter paper. 10 μL of 

the staining solution, either (2% uranyl acetate, Sigma-Aldrich, or methylamine tungstate, Ted 

Pella, Inc) was added and incubated for 2 min, excess solution was wicked away, and the grids 

were placed in desiccators to dry under vacuum overnight. 

 

Results 

 

Morphology and transition kinetics of different mutants 

 

Using Aβ(16-22) as model system, three different congeners of Aβ(16-22)E22Q were designed : 

L17Q ([1-13C]F19 Ac-16KQVFFA22E-NH2), V18Q ([1-13C]F19 Ac-16KLQFFA22E-NH2), and 

A21Q ([1-13C]F19 Ac-16KLVFFQ22E- NH2). [1-13C]F19 Aβ(16-22) E22Q itself serves as the 

control. (Figure 5-1) 
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Figure 5-1.  Peptide’s design of glutamine scan. Red signifies the position of [1-13C] isotope 

enrichment, glutamine is colored by orange. 

 

Each sample was pre-HFIP treated, dissolved in 20% acetonitrile/water with 0.1% TFA at 1mM 

concentration and monitored daily at room temperature. The changes in the assemblies 

overtime were monitored using both transmission electron microscopy (TEM) and isotope 

edited Infrared spectroscopy (IE-IR).  

 

From IE-IR data in figure 5-2, all mutants go through a conformation transition demonstrated 

by drastic shift in wavenumber and band intensity. Additionally, they stabilized into fibers with 

width around 10nm. These traits resemble E22Q’s transition in earlier chapters. Therefore it’s 

highly likely all congeners go through a similar transition from anti-parallel to parallel.  

 

On the other hand, various assemblies differ drastically both in transition kinetics and final IE-

IR spectra. The transition time of L17Q is over three weeks, which doubles that of E22Q while 

A21Q and V18Q takes a few days to finish transition. [1-13C]F19 L17Q has two bands similar 

to [1-13C] F19 E22Q yet the 12C band for L17Q is more red shifted and the 13C band is more 

blue-shifted. The 13C/12C band ratio of [1-13C] F19 A21Q is 1.17 while the ratio is less than 1 

for the rest of congeners. V18Q exhibit an additional small band around 1620cm-1.  
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Despite the 13C enrichment being on the same position and the possibility that all peptides go 

through an anti-parallel to parallel transition, the IE-IR spectra of different variants are 

drastically different, indicating a structural difference above strand orientation or secondary 

structure. Differences on a higher order molecular order could result from bundling, twisting 

and β-sheet stacking. Such differences manifest from TEM images.  

 

 

 

A 
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Figure 5-2. (A)IE-IR transition of [1-13C]F19 L17Q, [1-13C]F19 V18Q, [1-13C]F19 A21Q and 

[1-13C]F19 E22Q. (B) T1/2 of different mutants. (C) Comparison of IE-IR signal of different 

mutants. 

 

 

TEM was taken for mature assemblies of different variants. Figure 5-3 shows that, both L17Q 

and V18Q can form individual fibers with width around 10nm, identical to E22Q. A21Q does 
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not form individual fibers but instead form bundled aggregates with a high degree of lateral 

association. A zoom-in of the fibers reveals more structural details: For E22Q, a rough surface 

is shown and fibers are separated into two populations of distinctive widths: 5nm and 11nm, 

yet no clear bundling and twisting can be observed; for L17, bundled, twisted trimers are clearly 

seen on stained images; for V18 mutants, largely dimers and occasionally tetramers are 

observed. These data support a higher level structural difference in terms of protofiber 

association. This shows the sensitivity of IE-IR on amyloid beta structures as the influence of 

twisting and bundling could also be shown on the spectra.  
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Figure 5-3. Different mutants exhibit various structures. TEM picture of (A) KLVFFAQ, (B) 

KQVFFAE (C) KLQFFAE (D) KLVFFQE. Scale bar 100nm 

 

The difference in structure can be explained by understanding Q as a “zipper” to lock peptides 

position. The most rigid part of the peptide is around glutamine and the conformational restrain 

exerted by Q-track is likely to control the alignment of the peptide. This effect is enhanced over 

the long range of the fiber. Such difference could also result from β-sheet stacking, where 

different sheet stacking patterns could result from drastically different structural features.  
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The difference in T1/2 can be explained by competing forces between electrostatic interaction 

between lysines and hydrogen bonding formation between glutamines.  

 

For L17Q, the lysine and glutamine are placed in close proximity. The hydrogen bond formation 

between glutamines can be constantly blocked by the electrostatic repulsion from lysines, 

which could decrease the collision rate between glutamines and destabilize the newly formed 

hydrogen bonds, prolonging the transition time.  

 

It’s likely the faster transition kinetics of V18Q and A21Q result from their proximity to central 

di-phenylalanine (FF). The assembly is largely driven by the F-F interaction, therefore bringing 

higher collision rate for the 18th and 21st position of Aβ (16-22). This increases the collision rate 

for the glutamines of V18Q and A21Q, shortening the transition time.  

 

Mutation at the nucleating core of Aβ(16-22): F19Q and F20Q 

 

Di-phenylalanine has been extensively studied and is the crucial driving force for Aβ (16-22) 

assembly7-9. Deletion of Phenylalanine would lead to de-stabilization of assembly and inhibited 

growth. Replacing central F with Q would replace van der Waals force between phenylalanines 

with inter-strand H bonding of glutamines. Here two mutants were designed, F19Q and F20Q. 

For F19Q, the isotope cannot be enriched on glutamine as it’s impossible to selectively enrich 

side backbone carbonyl but not side chain.  
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Figure 5-4. Molecular sequence of F19Q and F20Q. Red signifies the position of [1-13C] 

isotope enrichment, glutamine is colored by orange. 

 

Despite the identical chemical composition and replacement at similar positions, F19Q and 

F20Q possess drastically different transition kinetics. F19Q that underwent HFIP treatment 

remained monomer and didn’t transition for over months (Figure 5-6 A). The kinetics shown 

below is from a sample without HFIP treatment, which transitioned after 40 days (Figure 5-6 

B). On the other hand, F20Q that went through HFIP treatment assemble into final conformation 

immediately (Figure 5-6 C). The IR of image B and C is normalized to amide A which is least 

impacted by conformation and reflects the degree of assembly. The high intensity of F20Q’s IR 

band on day zero also supports its rapid rate of assembly. The transition time of F19Q compared 

to F20Q is shown in Figure 5-6 D.  
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Figure 5-5. IE-IR shows different transition kinetics for F19Q and F20Q. 

(A)F19Q with pre-HFIP treatment doesn’t transition into thermodynamic conformation for 

months.  

(B)F19Q without HFIP transitions into thermodynamic conformation after over 1 month.  

(C) F20Q assembles into thermodynamic product immediately.  

(D) Comparison of T1/2 for F19Q and F20Q. 

 

TEM images also reveal their distinct morphological transition. For F19Q (Figure 5-6 A), 

instead of forming ribbons, the intermediate state remains bundled and heterogeneous. Such 

bundling explains the long period of transition time for F19Q as it prevents the intermediates 

from dissolving and assembling into thermodynamically stable conformations. After transition, 

its morphology is similar to E22Q with 10nm width and lack of clear striation. Mature fibers 
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of F20Q exhibits clear striation and twist (Figure 5-6 D). The diameter various with the number 

of protofibers within each bundle. This pattern can be observed on day 0 (Figure 5-6 C) whose 

IR spectrum is almost identical to mature fibers. TEM shows loose ends of fiber bundling, 

suggesting the maturation process for F20Q is bundle formation instead of β-sheet 

arrangements.  

 

Such difference is surprising as both mutants possess such high similarity and the interaction 

would not differ within β-sheet level. It’s likely that the difference lies in the β-sheet stacking.  
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Figure 5-6. TEM shows the morphology of F19Q and F20Q overtime. 

(A) F19Q upon assembly bundles heavily; 

(B) Mature F19Q is homogenous fiber with width around 10nm,  

(C) F20Q assembled into twisted fibers who started bundling; 

(D) mature F20Q bundles heavily with periodic twist.  

 

Using Solid-state NMR to confirm the conformation of different variants.  

 

The similarity between E22Q and various mutants in terms of Q track IR signal, morphology 

D 

C 
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revealed by TEM and the conformational transitions suggest their strand orientation to be 

parallel. However, the most conclusive experimental method for such statement is the solid-

state NMR. REDOR and DRAWS experiments will be conducted in the future to show 

definitively the percentage of various conformations.  

 

Pattern analysis  

 

The IE-IR of [1-13C]F19 L17Q, V18Q, F20Q, A21Q and E22Q were compiled and analyzed 

since their isotope enrichment are at the same position. The peak positons and heights are shown 

in the table below. 

 

Table 5-2. Band wavenumber and height ratio for Q congeners. 

 C12 position C12 

height 

C13  

position

C13 height C13/C12 ratio

L17Q 1637.5 1 1597.3 0.88 1.13 

V18Q 1632.7 1 1604.7 0.93 1.07 

F20Q 1633.3 1 1601.8 1.3 0.77 

A21Q 1631.3 1 1606.1 1.2 0.83 

E22Q 1634.3 1 1601.4 0.79 1.26 
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Figure 5-7. Patterns of C13 and C12 peaks’ trend against amino acid enrichment . 

(A) The ratio of C13/C12 increases as Q is moved to the center of the peptide.  

(B) The positions of C13 and C12 peaks as a function of Q mutation.  

(C)The trend of C12 shift is the opposite of the ones of C13 band.  

 

From figure 5-7 A, the C13/C12 peak ratio exhibited a pattern of normal distribution. The closer 
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glutamine is to the center of the peptide, the higher C13/C12 ration is. This pattern could be 

explained by Q track limiting the molecular movement around isotope enriched residue. The 

decreased movement of 13C enriched carbonyl results in a higher intensity of the 13C band.  

 

Interestingly, as amino acids at different positions are mutated to glutamine, an alternative 

pattern of 12C and 13C wavenumber appears, and the change of 12C mirrors the one of 13C. It is 

still unclear how this pattern could appear if all mutants form parallel β-sheets. Additionally, 

mutations that drive red shift of 12C seems to simultaneously drive the blue shift of 13C peak. 

This seems to correspond to Q’s position above and below the β-sheet plane. Therefore, future 

studies should be focused on laminations. Cryo-EM and X-ray diffraction and simulations 

between laminations could be conducted in the future to obtain the optimal stacking pattern10-

12. 

 

Conclusion  

 

In this chapter, the impact of glutamine’s position on Aβ (16-22) was studied. As reflected by 

the by morphology from TEM and kinetic study using IE-IR, glutamine position swapping 

reveals the importance of the position of key amino acids at a certain peptide. This demonstrates 

key constraints’ global impacts on corporative assemblies.13. In the grand picture, it sheds light 

on why a single amino acid mutant like Dutch mutant could trigger cerebral hemorrhages and 

premature death.14 
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This study could also reveal another potential applications for IR. So far, IE-IR method has 

been utilized to study the secondary structure of amyloid self-assembly and its utilization in 

E22Q structural transition has been explained in previous chapters. The IE-IR spectra are 

defined by peptide secondary structure and the position of isotope label. However, the result 

from this chapter raises a question: since all the mutants are parallel and the isotope is labeled 

at the same position, why would IE-IR differ drastically? The only rational answer is the higher-

order difference of these mutants is impacting the IR spectra. Currently, no study has reported 

the difference in IE-IR signal above secondary structure. The dramatic difference in IE-IR 

signal reported in this chapter reveals its potential to be highly sensitive to subtle structural 

differences. Different mechanisms could be at play: the Q track serves as the stapler that 

restrains freedom of molecular movement and determines the broadness of peaks; the 

differences on fiber twisting determines the angle of coupling which is magnified over long 

range order, the lateral association of proto-fibers limits the water contents, movement and 

frequency of 12C vibration as a whole, therefore shifting its frequency.  
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Chapter 6 IE-IR of parallel peptide system 

 

Background 

 

IE-IR is a simple and efficient method to monitor kinetic transition of peptide conformation 1,2 

and confirming the orientation of β-sheets3. Multiple computational simulation works have 

been dedicated to predict the infrared spectra of parallel β-sheet. Simulation is normally 

conducted by ab initio density functional theory (DFT) calculation4 combined with molecular 

dynamics (MD) simulation. These simulations commonly convert all side chains to 

alanine.3Current simulation mostly focuses on examine the impact of carbonyl alignment on 

IE-IR spectra. This localized model emphasis the immediate chemical environment of the 13C 

labeled amino acid. As a result, most studies predict the IE-IR spectrum of parallel β-sheet 

should not vary with the position of the label. For example, the work by Axelsen group 4 

predicted the infrared spectrum of parallel β-sheet does not change with the position of labels 

along peptide WLLLLL4 (Figure 6-1). Based on this, experimental methods of using IE-IR to 

differentiate between parallel and anti-parallel peptide structure has been widely adopted. The 

commonly adopted method is to enrich different amino acids on the same peptide and compare 

resulting spectra (isotope scanning experiment). Overlapped spectrum would indicate parallel.5 

Interestingly, to my knowledge no research using this method has observed identical spectra 

with isotope scanning and all β-sheets studied were concluded to be anti-parallel. 
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Figure 6-1.  Prediction of the IE-IR spectrum of WLLLLL in anti-parallel (left) and parallel 

(right) conformation. 

 

However, other theories have been developed such as the one by Strasfeld et.al. Through 2D-

IR simulation, they predicted the 2D IR spectra rely heavily on the position of the 

isotopelabeled residue by looking at the cross-peak of 12C=O16 and 13C=O18. 6 

(a) The cross-peak is the weakest when the isotope is placed at the end of the peptide 

(b) The cross-peak is the highest when the isotope is placed at the center of the peptide 

(c) The intensity of cross peak as a function of isotope enriched residue 

(d) The frequency of 12C band as a function of isotope enriched residue 

Figure 6-2. Simulated 2D-IR spectrum of 9 residue peptide that forms a β-sheet with the 

isotope enrichment at different positions.
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In the study, the impact of isotope position on 2D-IR spectra was investigated. The introduction 

of 13C=O18 caused dramatic energy shift of the enriched carbonyl and decreases the 

wavenumber by 64 cm-1.7 Despite the large shift, 2D-IR spectra can still exhibit cross-peaks 

between enriched and unenriched residues. The cross peak is shown as XAC and its intensity is 

highest when placed at the center of the peptide. This is explained by the vicinity of enriched 

amino acid and the central unenriched residue.6 

 

Additionally, due to the presence of isotope enriched peptide, the peak position of 12C changes 

and is more blue-shifted when the enriched residue is in the middle of the peptide (Figure 6-2 

d). Strasfeld et.al contributed that to the interruption of lateral coupling of natural abundance 

12C carbonyl by enriched amino acid. When the isotope edited residue is in the middle, there 

are two shorter natural peptides, (in the case of peptide of 9 amino acids, there are two resulting 

tetramers), and that will cause a blue-shift of the IR spectrum. Conversely, when the isotope 

enriched residue is near the end, a longer natural abundance peptide is present, the peak position 

is more red-shifted compared to when the enriched residue is in the middle. This study predicts 

a strong correlation between isotope position and the resulting 2D-IR spectra. Additionally, the 

vibrational coupling between 13C and 12C through 2D-IR with synthetic peptide macrocycle that 

was designed to be parallel was experimentally studied, revealing both inter and intra-strand 

coupling influences the IE-IR spectrum of isotope edited β-sheet.Aside from shifting frequency 

by through bond coupling and hydrogen bonding network, through space coupling also 

significantly impacts IR. 8 
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These studies indicate that the commonly acknowledged model for predicting the IE-IR signal 

of β-sheet might be too simplified. Other parameters, such as the position of enrichment 6, the 

through space coupling between neighboring amino acids8 need to be considered. However, no 

experimental studies have been conducted due to the lack of extended parallel β-sheet system. 

 

While most short peptides form anti-parallel sheets,9-12we have exploited the cross-strand 

potential of glutamine residues to enforce parallel strand arrangements through extended Q-

tracks13,14. This assembly allowed us to map the effect of incorporating single 13C enrichments 

along the entire length of peptide Aβ(16-22)E22Q or Ac-KLVFFAQ-NH2 (or simply E22Q) 

and observe the effect of isotope position on IE-IR spectra. 

 

Methods 

 

Fibril Assembly: Lyophilized Peptides were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol 

(HFIP, Sigma) and sonicated for 30 min, then dried under a stream of dry N2 gas or under 

vacuum. The resultant clear film was dissolved in 20% acetonitrile/water (0.1 vol% TFA), bath 

sonicated for at least 10 min and, unless indicated, incubated at room temperature for assembly. 

To produce unassembled peptide,  lyophilized peptide was dissolved in 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP, Sigma) and sonicated for 30 min and stored at room temperature 

in HFIP. 
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Attenuated Total Reflectance Fourier Transform Infrared (AT-FTIR): Aliquots (10μL) of 

peptide solution were dried as thin films on an Pike GaldiATR (Madison, WI, USA) ATR 

diamond crystal. FT-IR spectra were acquired using a Jasco FT-IR 4100 (Easton, MD, USA) at 

room temperature and averaging 500 to 800 scans with 2 cm-1 resolution, using either an MCT 

or TGS detector, 5mm aperture and a scanning speed of 4mm/sec. Spectra were processed with 

zero-filling and a cosine apodization function. IE-IR spectra were normalized to the peak height 

of the 12C band. 

 

Transmission Electron Microscopy (TEM): A TEM copper grid with a 200 mesh carbon 

support (Electron Microscopy Sciences) was covered with 10 μL of a diluted peptide solution 

(0.05 mM to 0.1 mM) for 1 min before wicking the excess solution with filter paper. 10 μL of 

the staining solution, either (2% uranyl acetate, Sigma-Aldrich, for Figure 2 of main text or 

methylamine tungstate, (Ted Pella, Inc) was added and incubated for 2 min, excess solution 

was wicked away, and the grids were placed in desiccators to dry under vacuum overnight. 

 

Results 

 

Scheme design 

 

To test the positional dependence of IE-IR signal on the position of labeled amino acid, I 

synthesized Aβ（16-22）E22Q or Ac-16KLVFFAQ22-NH2 with [1-13C] isotope enriched on five 

residues—L17, V18, F19, F20, A21. These peptides are separately synthesized, purified, 
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assembled into 20% MeCN/H2O with 0.1% TFA,  and incubated until the transition was 

complete. Later, the IE-IR of parallel E22Qs with different labels was measured. 

 

Figure 6-3. Chemical structure of Ac-16KLVFFAQ22-NH2 with isotope enriched on different 

positions. 

 

Isotope enrichment does not interfere with the structure 

 

Isotope enrichment do not interfere with the conformation of peptides, therefore the structure 

of samples with different isotope enrichment are the same, as confirmed by the TEM result in 

Figure 6-4. 
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Figure 6-4. TEM of Aβ (16-22)E22Q with isotope enrichment at different residues. All 

samples grow into non-twisted fibers with width around 10±1 nm. Scale bar 200nm. 

 

IE-IR spectra of isotope enrichment at different positions 

 

Surprisingly, the IE-IR spectrum of Ac-16KLVFFAQ22-NH2 varies dramatically depending on 

the enrichment position. The differences can be observed through the peak position of 12C and 

13C peaks and the relative12C/13C height ratio. The variation among 13C is 2-3 times more 

prominent than 12C. 

 

For ease of comparison, all spectra are normalized in two ways, one to the 12C band at around 

1630cm-1 so that it is easier to compare 13C and 12C bands, another is normalized to amide A to 

reveal actual height of amide I bands. 15All spectra exhibit a 1676.3cm-1 band, which result 

from the Q-tracks and further supports all samples are parallel. The positional difference 
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between [1-13C]F19 E22Q and [1-13C]F20 E22Q, both enriched at vicinal phenylalanine, have 

the two stretching modes commonly assigned to 12C=O and 13C=O amide I bands; however, the 

F20 12C and 13C bands are both red-shifted relative to F19, and the 12C/13C band intensity ratio 

for F20 is greater. The [1-13C]F19 E22Q and [1-13C]F20 E22Q are both in the middle of the 

strand where the conformation is more rigid and less exposed to solvent, yet their IE-IR spectra 

are strikingly different. Therefore, these features are not likely to be a simple function of side 

chain functionality or environment. 

 

More dramatically, the spectra of [1-13C]L17 E22Q and [1-13C]V18 E22Q contain three bands 

each, with [1-13C]L17 E22Q at 1628cm-1, 1616 cm-1, and 1597 cm-1 and [1-13C]V18 E22Q’s at 

1633cm-1, 1616cm-1, and 1595.8cm-1. This result is inconsistent with the traditional assignment 

of two bands, one for 12C=O vibration and the other for 13C=O, suggesting such an assignment 

is an over-simplification and other factors are contributing to IR bands. [1-13C]A21 E22Q 

appears to have two broad bands. However, the one around 1611cm-1 is broad and is higher in 

intensity. It is unlikely a single 13C enrichment would exhibit such high intensity therefore it is 

probably an overlap of two bands with lower frequency. 

 

Normalization on amide A has the same effect as normalization against peptide concentration 

as it is least disturbed by peptide conformation.15 The Thomas-Reiche-Kuhn sum rule or 

energy-weighted sum rule 16dictates that the total area under the curve for amide I vibration 

remains constant regardless whether isotope enrichment exist or its position. From figure 6-4 

bottom, the height of samples with 3 bands are lower than ones with 2 bands. This is consistent 
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with the sum rule and further substantiates the difference in spectra are inherent. 
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Figure 6-5. The IE-IR spectra as a function of isotope enrichment. The top graph is 

normalized against 12C band; the bottom graph is normalized against amide A. 

 

Elimination of artificial factors contributing to the spectral difference 

 

With the robust reproducibility of the spectrum of [1-13C] F19 Ac-KLVFFAQ-NH2 from 

previous chapters, it is easy to eliminate the argument that any significant difference of the 

spectrum can be introduced by artificial factors (sample preparation, residual water in the dry 

film ATR, etc.) To further confirm such a difference is an inherent nature, reproduction 

experiments are conducted on [1-13C]F20 E22Q by different students. 
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Table 6-1. Experimental conditions for reproducibility test of [1-13C]F20 Aβ(16-22) E22Q 

 Synthetic method IR spectra 

Student 1 Manual synthesis Lyophilized powder was pressed onto ATR 

Student 2 Automatic synthesizer 10μL of sample was blow dried on ATR 

 

 

Figure 6-6. IE-IR spectra of [1-13C] F20 E22Q synthesized via different students 

 

Elimination of artificial factors introduced by preparation procedure 

To eliminate artificial factors from sample preparation, including HFIP treatment and seeding, 

the same batch of peptide [1-13C]L17 Aβ(16-22)E22Q was assembled through different 

protocols. 
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Table 6-2. Experimental conditions for reproducibility test of [1-13C]L17 Aβ(16-22) E22Q 

 
HFIP treatment Seeding from 

mature fibers 

Protocol 1 
Sample was directly dissolved with 20% MeCN/H2O 

with 0.1% TFA 

No 

Protocol 2 
Peptide was first dissolved in HFIP; HFIP was later 

evaporated and the sample was re-dissolved with 20% 

MeCN/H2O with 0.1% TFA 

1% seeds 

 

  

Figure 6-7. IE-IR of [1-13C] F19 E22Q assembled under different methods 

 

These results confirmed that such a drastic difference of IE-IR signal comes completely from 

the labeling itself instead of haphazard factors. 



135 
 

 
Figure 6-8. Wavenumber of 12C band as a function of labeled amino acid 

X-axis indicates the position of isotope enrichment; the y-axis indicates the degree of blue-

shift of the 12C band compared to unenriched peptide. 

 

The shift of 12C peak has a trend consistent with the computational prediction of Strasfeld 6. 

When enriched reside is at the middle of the peptide, 12C peak blue-shifts the most. (Figure 6-

8)  
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Figure 6-9. Wavenumber of 13C band as a function of the labeled amino acid. 

 

Meanwhile, the position of 13C peak is also plotted against the position of labeled amino acid. 

(Figure 6-9). (In case of spectrum with three peaks, the peak with the lowest wavenumber is 

used as 13C). Based on the result, when the enrichment site is moved from the N terminus to C 

terminus, the position of 13C peak fluctuates over a range of twenty wavenumbers. It is 

worthwhile to notice that when Q is on 18th and 20th position, the 13C wavenumber decreases 

while on the opposite phase the wavenumber increases. This may be explained by the polarity 

of amyloid fibers as the chemical environment on different phase of the β-sheets are 

different .17,18 

 

Another trend is the general increase of 13C peak wavenumber as the label is positioned from 
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the N terminus to the C terminus. This trend is in line with the trend of 13C when E22Q is 

changing from anti-parallel to parallel as the 13C peak shifts from 1596cm-1 to 1602cm-1. In 

both cases, the alignment of 13C is increased, either by limit of movement by Q-track or peptide 

orientation, yet it is unclear why the 13C band blue shifts rather than red shifts, since alignment 

should delocalize the vibrations and leads to a red-shift, which happened for 12C band and for 

13C band in titration experimetns.6 This result is also in contrast with what Decatur reported for 

prion peptide H1 , in which the alignment of 13C carbonyls creates a red shift. 1 This paradox 

might result from the impact of vibrational coupling between 12C and 13C, which significantly 

impacts the wavenumber and height of both bands. 

 

Dilution experiment 

 

To test whether the position of peak could be influenced by 12C-13C coupling, dilution 

experiment was conducted. [1-13C] F19 E22Q and un-enriched E22Q were dissolved in HFIP 

separately. [1-13C] F19 E22Q was titrated into un-enriched peptide with a percentage of 20%, 

40%, 60%, 80% at a total concentration of 1mM. 



138 
 

 

 

 

Figure 6-10. (A) Isotope titration of [1-13C] F19 E22Q at different percentage of isotope 

labeled peptide. (B)The trend of 12C and 13C band with different percentage of isotope 

enriched peptide. 
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As seen from the data, as 13C enrichment increases, delocalization of the 12C band is reduced 

and the transition is blue shifted. In contrast, increasing the 13C percentage red shifts its 

transition and increases the 13C/12C intensity ratio. 13C band is more sensitive to isotope titration: 

a 20% adjustment in isotope abundance generates a change of 4cm-1 for 13C band and 2 cm-1 

for 12C band. 

 

Based on how C12 and C13 carbonyl originated bands exhibit opposite trends with isotope 

titration, the origin of additional bands for [1-13C] L17E22Q and [1-13C] V18 E22Q was 

evaluated. The result for [1-13C] V18 E22Q is shown in figure 6-11. 
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Figure 6-11. IE-IR spectra of [1-13C]V18 E22Q titration experiment at (A) the beginning and 

(B) end of the assembly. (C) The 13C band region is expanded with peaks numbered. (D)Peak 

assignments. 

 

 

From figure 6-11. At the beginning of assembly, E22Q was anti-parallel out-of-register. The 

isotope titration leads to a significant blue shift of 12C peak from 1624.5cm-1 at natural 

abundance to 1643.9 cm-1 at 100% 13C; the relative intensity of 12C and 13C shifts from 1.4 at 

20% 13C to 0.51 at 100% 13C enrichment. 

 

A  B 

D C 
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The end spectra elucidates the origin of various peaks. Isotopic dilution reveals an additional 

band (Band 2) for 60% and 80% 13C which later disappears at 100% 13C enrichment. The trend 

for bands around 1630cm-1 are assigned as 12C-12C modes from the blue shift and decreased 

intensity with increasing 13C, and the remaining bands are assigned to be relevant to 13C. Band 

1 red shifts and increases significantly with increase of 13C and therefore represents interstrand 

13C carbonyl coupling. Band 2 is not resolved with 20% and 40% enrichment, red shifts from 

60% to 80%, and is not resolved with 100% 12C enrichment. This result is most consistent with 

band 2 originating from 12C=O and 13C=O coupling of neighboring strands. 

 

Band 3 also red shifts but its relative intensity does not change significantly with 13C enrichment, 

and the interaction likely arises from 12C=O and 13C=O general coupling. The data suggests that 

the energy between 12C/12C and 13C/13C coupling is close enough to have additional coupling 

and generates additional bands, which can be resolved on IR spectra. Its worth noting that in 

Strasfeld’s simulation of the cross-peak between enriched and unenriched vibrators, 13C=18O 

were used, while for 1D IR, the shift of enriched carbonyl is far less therefore the interaction 

between 13C=O and 12C=O could be stronger, thus generating a larger influence. 

 

Titration experiment for [1-13C]L E22Q shows similar trend yet due to the higher wavenumber 

of band 1, band 2 does not manifest. 
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Figure 6-12.The IE-IR spectra of [1-13C] L E22Q at the beginning (top) and end (bottom) of 

the assembly. 

 

Conclusion 
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In this chapter, the positional dependence of IE-IR spectra on isotope enrichment is examined. 

In contrast with common beliefs, the IE-IR spectra shifts dramatically in terms of band numbers, 

heights and positions. Titration study reveals several factors are attributable to this differences, 

including the lateral coupling of 12C carbonyls along peptide strand and the coupling between 

12C and 13C carbonyls. My study promotes current understanding of IE-IR and enhances its 

applications for studying protein secondary structure and assembly dynamics.  
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Chapter 7. Conclusion and perspectives 

 

The diagnosis and successful treatment of neurodegenerative diseases many depend on a 

thorough understanding of the structure and dynamics of amyloid self-assembly. The 

complexity of the energy landscape of amyloid folding has frustrated these effort, for a decade. 

The assembly process is commonly considered as a nucleation dependent process where the 

conformation of assembly is determined at the nucleation phase, which is then elongated and 

replicated by monomer addition.  Based upon this model, drug development has focused on 

the triggers of protein structural and functional change, generating molecules with the capacity 

to block the relevant conformations are therapeutics. Over the last decade, the distinctive 

evolutionary features of amyloid has been recognized as critical for etiology. Unlike soluble 

proteins, these peptides assemble into multiple conformations with equivalent thermostability 

and lifetime. Different conformations can possess different toxicity, requiring that the most 

toxic conformations be targeted. In this dissertation, we propose a new model that recognizes 

the evolving nature of amyloid, its structural change over time, and the resulting implications 

for developing therapeutics.  

 

Aβ (16-22) E22Q, or E22Q, is the first short peptide whose conformational transition is 

comprehensively quantified. E22Q first assembles into anti-parallel out-of-register ribbon 

through entropic hydrophobic collapse, then autonomously converts to parallel in-register 
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fibers. The N-terminus positive charge repulsion from lysine (K) in the particle phase dictates 

the formation of anti-parallel β-strands. During the elongation process, when monomers are 

adding along the active ends of the peptide, the inter-strand glutamines can be organized as Q 

track, driving the strand orientation into parallel. The aqueous buffer environment mitigates the 

electrostatic repulsion between lysines, rendering the parallel β-sheet as the thermodynamically 

favored conformation.  

 

 

Figure 7-1．KLVFFAQ transitions from anti-parallel out-of-register to parallel in-register. 

At the oligomer phase, electrostatic repulsion dominates the process while eventually, inter-

strand hydrogen bond between glutamines dominate the assembly process and forms parallel 

beta-sheet.  

 

Isotope edited infrared spectroscopy (IE-IR) is optimized to characterize the transition of this 

process. Conformational specific information is obtained in-real time, a basis sets for Aβ (16-

22) is developed, and the obtained IE-IR spectra are fit for each component. These results 

provided the first mechanistic insight into the kinetic pathway for amyloid assembly.  

 

Environmental influences on assembly can be important, as here salt is shown to impact the 

assembly process through multiple stages. At the nucleation stage, salt doesn’t alter the 
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structure of the assembly, but significantly increases the particle size and degree of assembly, 

following the mechanism of Hofmeister series. During elongation phase, salt speeds up the 

emergence of parallel β-sheet by screening lysine repulsion. On the other hand, salt impedes 

the transition to the thermodynamics product, kinetically trapping multiple intermediates. High 

salt introduces and maintains this heterogeneity by depleting the monomer concentration, 

stabilizing intermediates through bundling, and generating new conformations through 

secondary nucleation. This chapter demonstrates the significant impact of these counter-ions 

on these self-assembly systems.  

 

Another factor that impacts self-assembly significantly is the position of glutamine Q. By 

positioning glutamine at different locations of A (16-22), significant differences in assembly 

structure and transition dynamics are observed. Despite similar chemical composition, their 

infrared signal varies drastically and the transition time varies from hours to months. This 

chapter demonstrates how significant the position of a single amino acid can have on the self-

evolving system. This positional information now greatly extends insight into the impact of risk 

factors in disease etiology.  

 

The use of isotope edited infrared spectroscopy (IE-IR) to study protein structural change is 

also modified. E22Q is one of the few short peptides that can be used as a model to study the 

normal mode of parallel β-sheets. The positional dependence of isotope enrichment on the IE-

IR spectra of E22Q was shown, contrary to all existing theory, to dramatically impact the IE-

IR signal when moved along the peptide backbone. The effect largely result from the disruption 
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of lateral coupling between 12C amide bonds along strand and the coupling of 12C and 13C 

carbonyls. This study significantly promotes the current understanding of normal mode of 

isotope enriched systems and provides valuable insight for future experimental designs, and for 

the real-time analysis of amyloid assembly.  

 

Like nucleic acid, amyloid carries sufficient information to evolve and create phenotypic 

functional capacity for selection in biological system. The reversibility of monomer addition 

allows the conformational population to be changed by multifaceted molecular forces and grow 

functional capability for selection. Although some amyloids form stable conformation from the 

beginning due to a predominantly stable energy state, more often than not, amyloid’s 

conformation is evolving over time. These conformational intermediates are of great 

significance because interference at the intermediate level alters the downstream assembly 

pathways, therefore significantly altering the conformational distribution of amyloid. 

Understanding these intermediate states are critical for identifying viable targets for drug 

development and the forecast of these devastating amyloid diseases.  
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Figure 7-2. Understanding of drug development strategy dictates drug development strategy. 

(A) Drug development in nucleation dependent model targets inhibiting Aβ monomer 

formation, preventing assembly and blocking assembled fibers. (B) Polymorphism model 

selectively targets the most toxic species. (C) The inhibition of toxic species can be achieved 

by either blocking or trapping its precursors, or driving its conformation to less toxic ones.  

 

The drug design strategy depends on our understanding of the amyloid assembly and the 

nucleation dependent model suggests that specific conformations with higher toxicity should 

be targeted for effective therapeutics. Under the conformational evolution model, the complex 

cellular environment would significantly impact the kinetics and conformational distribution of 
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amyloid such that the whole system needs to be monitored over time at different compartments 

of the brain. Multiple stages and targets can now be identified to develop treatment. The 

formation of toxic amyloid could be pre-empted at the intermediate level, or selection pressure 

could be exerted to convert the toxic species to less impactful conformations. It is still unclear 

what drug design strategy can be used when faced with an evolving target, but these methods 

outlined here revealed new strategies to harness the biological system to address their 

constraints on human health.  

 

 


