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Chapter 1 

Introduction 

1.1. Introduction 

Biomolecular self-assembly is a powerful phenomenon that occurs naturally or can be 

employed strategically to create novel biomaterials that have revolutionized modern science. Self-

assembly of many types of biomolecules is ubiquitous in nature. Common examples are the 

formation of monomers of lipids forming oil droplets in water or ribosomal proteins coalescing with 

RNA to form functional ribosomes(1). These processes are non-enzymatic and rely on the passive 

interactions of the biomolecules such as hydrogen bonding, electrostatic interactions, and van der 

Wal’s forces for successful assembly(2, 3) (Figure 1.1). A deep understanding of these passive 

interactions is needed to rationally design novel biomaterials with specific functionality. 

Biomaterials, materials other than food or drugs that are in contact with tissue or biological fluids, 

have developed many aspects of modern medicine. This includes nearly all biomolecules such 

as lipids, protein, and RNA. The applications of biomaterials are extensive in science and currently 

range from tissue engineering as cell scaffolds in regenerative medicine to plastic surgery and 

dental augmentation(4–6). For example, peptide building blocks used as the base of 3D cell 

scaffolding have been shown to increase cell adherence and growth stimulating factors compared 

to scaffolds formed via traditional decellularized extracellular matrix components(7). The main 

advantage of self-assembling peptides lies in the ability to readily extend the scaffold to include 

more biologically active sequences further facilitating cell growth(8). The versatility of protein and 

peptide self-assembly is demonstrated throughout nature by the production of a dazzling diverse 

array of protein structures such as collogen, pearl, and even optical waveguides from just 20 basic 

amino acids(1). By observing these processes, we can begin to design synthetic biomaterials 

geared toward a specific biological function. Generally, there are two accepted strategies used in 

the fabrication of biomaterial design: a ‘top-down’ approach, in which biomaterials are fabricated  
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by stripping down a complex entity into component parts and a ‘bottom up’ approach in which the 

biomaterial is assembled molecule by molecule, or monomer by monomer. The latter approach 

holds more appeal due to the higher diversity of functionality granted to the fabricated material. 

However, this approach requires a deep understanding of the monomeric characteristics and 

therein an understanding of the passive interactions that drive the peptide aggregation 

mechanism. Here, limitations and challenges arise in identifying, isolating, and analyzing the 

monomeric structures and their self-assembling pathways. My research has focused on 

developing nonperturbative spectroscopic methods capable of analyzing these characteristics in 

peptide and protein systems in real time. The results and methods presented herein constitute 

progress toward developing a ‘bottom up’ approach in protein biomaterial design by revealing in-

depth information previously only accessible via molecular dynamic simulations.  

 

1.2. Infrared spectroscopy in proteins 

Traditional methods of analyzing protein structure during self-assembly include X-ray 

crystallography, circular dichroism (CD), and nuclear magnetic resonance (NMR) spectroscopy. 

X-ray crystallography yields the highest structural resolution of these techniques. However, the 

 

Figure 1.1: Example of peptide self-assembly driven via passive forces. Monomer species 

arrange to form bilayers as the hydrophobic residues (green) are held stable via hydrophobic 

interaction and π-bond stacking. The charged hydrophobic residues (blue and red) contribute 

strong hydrogen bonding with each other as well as the solvent. These bilayers propagate and 

elongate into flat protein fibrils driven entirely by self-assembly. Adapt from reference 3.  

 



 
 

3 
 

protein have to be able to form stable crystalline state. Therefore, X-ray crystallography is limited 

to protein that will crystalize and is a static technique yielding no information regarding self-

assembly kinetics or oligomer formation during assembly(9, 10). NMR is arguably the most widely 

utilized method for probing protein structure due to the diversity of experiments including multiple 

dimensional analysis and both solution-phase and solid-state experiments. Although sample 

requirements are less rigorous than X-ray crystallography, NMR still typically requires 

homogeneous sample populations to assign specific signal peaks to the corresponding protein 

component(11). This considerably compounds the analysis complexity of most protein samples 

as well as the time required to acquire data with an acceptable signal-to-noise ratio(12). Optical 

techniques such as CD, fluorescence, and infrared spectroscopy are largely advantageous 

yielding the ability to dynamically monitor protein structure and kinetics during self-assembly in 

solution. Florescent dyes sensitive to certain peptide structures have been used to track structural 

changes. For example, Thioflavin T (ThT) fluoresces upon binding to specifically amyloidogenic 

β-sheets(13). The growth of fibrils composed of these β-sheets can be monitored by analyzing 

the fluorescence intensity over time. However, recent studies show the binding of ThT can alter 

the structure of protein aggregates, if only slightly(14). These small changes in structure results 

in skewed kinetic data as well as inactive signals of oligomer or intermediate structure during self-

assembly. Electronic and vibrational CD use circularly polarized light to identify the secondary 

structures within a protein ensemble(15, 16). While both techniques yield some amount of 

structural and kinetic data, they are bulk techniques lacking the ability to generate residue-level 

structural information. This residue-specific data is critical in understanding passive interactions 

such as hydrogen bonding, hydrophilic interactions, and π-bond stacking that drive protein self-

assembly. Additionally, although both yield varying levels of temporal information, neither is fast 

enough to measure the timescale of these interactions as hydrogen bonding exchanges on the 

sub-picosecond level.  
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To overcome these inherent challenges in probing protein structure and dynamics, I 

implement infrared (IR) spectroscopy. When used with ultrafast pulsed laser systems and isotope 

labels, IR spectroscopy gains the structural and temporal resolution necessary to study self-

assembly in real time. IR spectroscopy is able to probe secondary structure directly from peptide 

ensembles without implementing bulky spin tags or fluorescent dyes, both of which have been 

shown to alter the peptide structure and aggregation mechanism(14, 17). Paired with strategic 

isotope-labeling schemes, IR spectroscopy gains the desired residue-specific information needed 

to truly understand the protein structure and dynamics(18).  

When probing protein structure via IR spectroscopy, the most common vibrational mode 

analyzed is the amide I’ mode generated by the backbone carbonyl stretching motions(19). The 

native amide I’ mode of a disordered peptide typically absorbs broadly around 1650 cm-1. When 

peptides adopt organized secondary structures, such as β-sheets or α-helixes, the amide modes 

are held in close spatial proximity to each other and are able to couple. The vibrational coupling 

of several amide groups results in a larger vibrational mode delocalized across several residues 

(20). The amount of vibrational coupling varies depending on the secondary structure and alters 

the frequency at which the corresponding amide I’ mode absorbs, yielding characteristic spectral 

features for each structure(19, 20). The strongest couplings result from the tightly formed β-

sheets. Since the carbonyls are held aligned with each other, the perpendicular stretching modes 

result in a narrow linewidth absorption shifted to around 1620-1630 cm-1. Antiparallel β-sheets 

yield an additional absorption peak at 1680 cm-1 indicative of the perpendicular stretching 

modes(19–21). This vibrational mode is much weaker compared to its parallel counterpart and 

only appears in highly ordered antiparallel β-sheets. In contrast, weaker coupling between 

residues in the twist of α-helical structures result in a broader lineshapes absorbing around 1635-

1655 cm-1(22, 23).  
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To further enhance both spatial and temporal resolution, I employ two-dimensional infrared 

(2D IR) spectroscopy via a pump-probe system utilizing pulse shaping technology(24). 2D IR 

spectroscopy retains the same basic theory of linear IR spectroscopy while spreading the 

vibrational spectrum over two frequency dimensions allowing for resolution of vibrational modes 

previously hidden in linear IR spectra(25) (Figure 1.2). The revealed spectral features often 

correspond to weaker coupled residues otherwise enveloped in linear IR spectroscopy. Additional 

spectral features created also include lineshapes, anharmonicity, and increase sensitivity to 

amide I’ mode frequency and intensity which can be directly interpreted from the 2D IR 

spectrum(26, 27). This improved sensitivity is largely due to the additional interactions of the 

 

Figure 1.2: 2D IR spectroscopy overview. The fundamental peak (B, blue oval) appears along 

the diagonal center at the intersection of the same pump-probe frequency representing the 

fundamental ground state transition (A1) as well as the bleach or stimulated emission (A3). The 

overtone peak (B, red oval) arises from the excited state absorbance (A2). The distance 

between the fundamental and overtone peaks (B5) is a measure of the anharmonicity of the 

vibrational mode. The peak lineshapes (B4) reflect the solvent environment of the vibrational 

mode.   
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transition dipole moment (|𝜇𝜇|) with the IR light. While the transition dipole strength (TDS) in linear 

IR spectroscopy scales as |𝜇𝜇|2, the TDS, and therefore the sensitivity, increases in 2D IR 

spectroscopy as the 2D IR dipole moment scales as |𝜇𝜇|4 due to increased interactions of light(19). 

1.3. Using transition dipoles strengths to analyze protein structure 

 As previously mentioned, each secondary structure has a characteristic range of frequencies 

rather than a single corresponding frequency. This variation arises from the sensitivity of the 

vibrational frequency to small differences in coupling and electrostatic environment (28). For 

example, native short amphiphilic peptides forming β-sheets are more likely to absorb closer to 

1620 cm-1 while longer amyloidogenic peptides also forming β-sheets are likely to absorb around 

1630 cm-1(29). Additionally, even the frequency ranges are not truly unique to each secondary 

structure as frequency ranges overlap. The range of disordered and α-helix structures are 

overlapping between 1645-1650 cm-1. In theory, it is possible to fit the amide I’ absorption band 

to differentiate the vibrational modes(30). However, this presents several difficulties due to the 

structural disorder and complex lineshapes among other problematic characteristics.  

 In my research, I exploit transition dipole strengths in order to identify unique secondary 

structures in seemingly homogeneous protein ensembles. The transition dipole strength derives 

from Beer’s law as seen in Equation (1.1) where A is absorbance, ε is the extinction coefficient, c 

is the protein concentration, and l is path length(31). Equation (1.2) shows the direct relationship 

between the transition dipole moment and the extinction coefficient.  Transition dipole strengths 

can be more sensitive to secondary structure than the absorption frequency alone. The 

characteristic frequency shifts which denote the individual secondary structures result from the 

strong coupling of amide I’ local modes. However, in many cases the redistribution of the oscillator 

𝐴𝐴 =  𝜖𝜖 × 𝑐𝑐 × 𝑙𝑙 (1.1) 

𝜖𝜖 =  |𝜇𝜇|2 (1.2) 
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strengths (known as delocalization) occurs but is too weak to produce coupling capable of causing 

frequency shifts(28, 31). Transition dipole strengths scale linearly with the delocalization and are 

therefore more sensitive to small structural changes otherwise undetected by absorbance 

frequency alone(32). The extent of vibrational delocalization is affected by several factors, 

including the peptide/ aggregate size, the overall secondary structure, and the amount of 

structural disorder. Therefore, analyzing amide I’ frequency shifts in conjunction with TDS values 

reveal previously hidden structural variation and strengthen spectral model assignment. For 

example, disordered peptides generally absorb around 1645 cm−1, which corresponds to the 

native amide I′ vibrational frequency. Depending on their local environment, α-helices absorb 

between 1635 and 1655 cm−1 and thus, due to significant spectral overlap, can be difficult to 

distinguish from disordered structures by frequency alone. Yet, the highly ordered hydrogen-

bonding network in α-helices brings the individual backbone amide groups into close enough 

proximity to couple(34, 35). This coupling causes the amide I′ mode to delocalize over multiple 

amide units. Since TDS scales linearly with vibrational delocalization, this leads to an overall 

increase in the TDS of the amide I’ mode compared to that of a disordered protein(30). The lower 

limit of residues over which the amide I’ mode is delocalized can be determined from the TDS 

value. In a disordered structure, the amide I’ mode is localized onto individual residues yielding a 

TDS value of 0.12 D2. It has been previously determined the amide I’ mode can delocalize across 

up to 3.5 residues in α-helix structures compared to the highly ordered β-sheet in which 

delocalization can stretch up to 12.5 residues(30, 33).  

1.4. Applications 

By combining the direct analysis of frequency absorbance, lineshapes, and anharmonicity 

with the ability to calculate TDS values from spectra taken within the same data set, I was able to 

obtain highly sensitive structural information from protein and peptide ensembles. Additionally, 

isotope-labeling schemes add residue-specific information previously only suggested through 
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molecular dynamic simulations. To demonstrate these capabilities, I analyze the effects of N-

terminal acetylation on small model amphiphilic peptide. Through small, approximately 40 amu 

acetyl capping unites at the N-terminus, the AcKFE8 peptide adopts a unique left-handed helical 

formation compared to the flat ribbon morphology of the unacetylated counterpart(36). Upon 

analysis, I found that the native 2D IR spectra of each peptide variant were nearly identical. With 

a strategic isotope-labeling scheme, I was able to uncover the presence of two unique β-sheet 

configurations only differentiated through the amount of terminal off-set. Both β-sheet 

configurations exist in the AcKFE8 peptide creating the left-handed helical morphology while the 

nonacetylated variant only contain β-sheets with N-terminal staggering shown in chapter 3. 

Furthermore, with the incorporation of TDS calculations, I reveal the presence of early-stage 

oligomers in AcKFE8 in chapter 4. This suggests TDS values not only improve structural 

assignment, but also reveal additional structure in otherwise seemingly homogeneous peptide 

ensembles. 

In chapter 5, I attempt to apply these techniques to a more complex family of amyloidogenic 

proteins, amyloid beta 1-42 (Aβ42). While previous research has shown acetylation of the lysine 

side chains within Aβ42 changes the final morphologies and cytotoxicity, the mechanism or 

secondary structure composition is unknown(37, 38). I use a combination of 2D IR spectroscopy 

and TDS calculation to reveal the largely β-sheet composition of each variant while also revealing 

the weaking of the delocalization across the structure as a function of lysine acetylation. I have 

also attempted to track the aggregation kinetics of each Aβ42 variant through 2D IR spectroscopy 

and ThT fluorescence to distinguish.  

In a final collaborative study, I analyze the effects of lipid micelles and small molecules 

inhibitors on the structure and aggregation of the C99 transmembrane protein. Through 2D IR 

spectroscopy experiments, I reveal considerable structural transition from β-sheet dominant 

populations to α-helix structures based on micelle concentration. By varying the lipid 
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concentration, I found a critical micelle concentration relative to the C99 concentration which 

induces the structural change from β-sheet to α-helix motifs. Additionally, I was able to detect 

weakening of β-sheet structures by introducing a small molecule found via high throughput 

screening. These findings were compared to and supported by 2D NMR results previously 

collected under matching conditions.  

1.5. Summary  

The combination of 2D IR spectroscopy with transition dipole strength is a powerful tool for 

analyzing protein structure and aggregation. By observing the presence of multiple TDS values 

within a single peptide aggregate, I was able to reveal early-stage oligomer formation within a 

single peptide aggregate. This technique has the possibility for early screening of early-stage 

oligomers before a deeper more time consumer, and more expensive, experiment course is set. 

These techniques move science closer to understanding how small changes in primary structure 

effect the passive interactions that control the self-assembly of proteins and peptides. This 

information will prove pivotal in the future rational design of peptide and protein biomaterials.  
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Chapter 2 

Experimental Methods 

2.1. Introduction 

In my time with the Buchanan research group, I have been privileged to experience 

a wide range of interdisciplinary experimental techniques. This includes alignment and 

optimization of multibeam laser apparatus, microwave assisted synthesis of peptides, 

application of dynamic light scattering (DLS), and development of protein sample 

preparation for electron microscopy. I have included specific details and procedures for 

the synthesis and purification of acetylated peptides, Additionally, I have detailed the 

sample conditions and preparation methods for analysis using 2D IR spectroscopy with 

TDS acquisition, DLS, and both transmission electron microscopy and cryogenic scanning 

electron microscopy. While the basic theory and data collection methods are presented in 

this chapter, I have included a stepwise example calculating a TDS spectrum from data 

collected via 2D IR spectroscopy in Appendix 2. Additionally, I have included several 

troubleshooting processes for the Liberty Blue peptide synthesizer I have found useful in 

Appendix 3.  

 

2.2. Microwave assisted FMOC sold-phase peptide synthesis 

Our lab is fortunate to utilize the automated Liberty Blue peptide synthesizer from 

CEM in the synthesis of our target protein and peptides. Traditional methods, such as 

bacterial expression, still hold value in many research situations. However, we find the 

convenience of speedy synthesis and high functionality to fit our research purposes 

extremely well.  Microwave assisted solid-phase peptide synthesis catalyzes the 

deprotection and coupling of single amino acids onto a solid resin base using microwaves 

to heat the reactants in the reaction chamber. The resin is usually composed of a high 
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molecular weight nonreactive polymer such as polyethylene glycol or polystyrene. In most 

cases, the type of resin used is dependent on the desired C-terminus chemistry since the 

sequence is constructed from C-terminus to the N-terminus. In my research, I use a Rink 

Amide resin that yields a capped amidated N-terminus for the KFE8 family of peptides. 

In contrast, I use a preloaded polystyrene-based resin from CEM when synthesizing the 

recombinant Aβ42 sequence. Preloaded resins are purchased with the C-terminal amino 

acid already coupled to the polystyrene. In the case of Aβ42, the Wang resin was 

purchased coupled with an alanine residue. This yields the native carboxylic acid on the 

C-terminus. Regardless of resin type, the synthesis progresses under the same basic 

pattern. The resin and amino acids are all protected with an FMOC group. Since the 

FMOC is extremely base liable, 10% piperazine solutions are used to deprotect both resin 

and amino acids. The open carboxylic acids are then activated with an activator 

(diisoporopylcarbodimide, DIC) and an activator base (Oxyma). The resulting free amine 

from the resin attacks the carbonyl of the amino acid creating the peptide bond. Dimethyl 

formaldehyde (DMF) is used a general solvent and washes any excess reagent and 

biproducts through a filter to retain the resin with the newly added amino acids. The exact 

concentrations of piperazine, DIC, Oxyma, and amino acids are dictated by the desired 

synthesis scale and are calculated through the Liberty Blue software. These same cycles 

have been published and described in detail by associates of CEM as well as Dr. Lauren 

Buchanan and others from the Buchanan group(1–4).  

In my work, two aspects of protein synthesis scheme are more unique in my 

research. The first is inducing N-terminal acetylation in the peptide sequence using the 

microwave assisted Liberty Blue systems. To accomplish successful acetylation, I employ 

10% w/w solutions of acetic anhydride in DMF. Volumes equivalent to the additions of the 

amino acids are added after the final deprotection of the N-terminal amino acid. The acetic 

anhydride attacks the open amine and substitutes the acetyl group on the alpha carbon. 
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This method requires a nonreactive amino acid as reactive side chains with acid liable 

protecting groups may induce cleavage and side product production. The second aspect 

of synthesis specific to my work is the synthesis of amyloidogenic amyloid beta and the 

acetylated variants. Unlike the N-terminal acetylation, side chain acetylation should be 

performed on the desired amino acid prior to incorporation in the protein sequence. While 

it should be fairly simple to induce acetylation within the lysine amino acid, the acetylated 

lysine is readily available for purchase at reasonable prices. The purchased acetylated 

lysine can be directly incorporated without quantification or purification. Aβ42 presents 

several challenges in solid-phase synthesis due its amyloidogenic nature and 

composition.  While solid-phase synthesis is highly efficient, this efficiency begins to 

decline as the number of amino acids approach and passed 50 amino acids. Additionally, 

repeating amino acids that are hydrophobic significantly decrease coupling efficiency. 

While Aβ42 is generally amphiphilic, the amyloidogenic nature can cause the sequences 

to begin to fold and aggregate on the reaction column during synthesis. This makes the 

coupling cite less accessible to subsequent amino acids further lowing coupling 

efficiency. Several measures are taken to counteract this phenomenon and increase 

peptide product. First, a low-loading preloaded Wang resin is used. This smaller based 

resin takes up less room in the reaction vessel and allows for more room to build the 

peptide chains. Secondly, I implement two pseudo-proline dipeptide residues into the 

sequence at sites that have been shown to cause problematic folding of the peptide chain 

(Figure 2.1)(1). The pseudo-prolines remove hydrogen bond donors and induce kinks into 

the linear chain preventing the premature aggregation. Upon cleavage from the resin, the 

pseudo-prolines are broken, and the native amino acids are arranged in the sequence as 

designed. A more detailed description of the microwave settings for amino acid coupling, 

deprotection, and helpful troubleshooting are described in Appendix 3.  
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Figure 2.1: Primary sequence of the synthesized peptides. The KFE8 family of 

peptides (1.1A-D) only vary in N-terminal acetylation and the residue at the N-terminus. 

All KFE8 peptides were synthesized on Protide resin with a polyethalene glycol linked 

resulting an amidated C-terminus upon cleavage. Aβ42 (1.1E) was synthesized with a 

preloaded Wang resin with polystyrene linked yielding the native open carboxylic acid 

C-terminus when cleaved. To prevent aggregation during synthesis, pseudo-proline 

residues were substituted at the positions in red.  

 

After synthesis, the resin should be dissolved in dichloromethane and transferred 

to a 50 mL centrifuge tube. The DCM should be slowly and carefully evaporated till the 

resin is fully dry. The peptide on resin is extremely stable as the amino acid side chain 

protecting groups are still in place. Any resin not used in the cleavage process should be 

stored at -20 °C. For both KFE8 peptides and Aβ42, I used a TFA based cleavage cocktail 

to cleave the resin and side chain protecting group. All the used amino acid side chain 

protection group are acid liable and therefore unaffected through the base deprotection 

during synthesis. An array of savaging molecules can be added to the cleavage cocktail 

depending on the amino acids and protecting groups being cleaved. These scavenger 

molecules bind to the cleaved side chain protecting groups to ensure they do not re-

attach and no side products are formed. I used a solution of 90% TFA, 5% ethanedithiol, 

2.5% anisole, and 2.5% thioanisole for cleavage. I have found that 10 mL of cleavage 

cocktail solution is sufficient to cleave a third of the resin produced in a 0.1 mmol scale 

synthesis. The cleavage should be carried out in a glass 6-dram vial stirred at room 
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temperature for approximately 2.5 hours. The starting solution should be a bright yellow-

green color. The color will darken overtime to a yellowish brown. This color changed 

signifies the cleavage of the protecting groups. Once cleavage is complete, the solution 

is filtered through crude Teflon filters to remove the cleaved resin. The peptide solution 

should be filtered directly into ice-cold diethyl ether at approximately 3 times the amount 

of cleavage cocktail used during cleavage. The addition of the cleavage cocktail tail to 

ether is extremely exothermic and should be done in an ice bath. Allow the filtered solution 

to chill in the ether for approx. 45 minutes. The protein solution is then centrifuged at 5000 

rpm for 5 minutes. After centrifugation, the peptide should be crashed out in the bottom 

of the tube and the ether decanted carefully into waste. An equivalent amount of ice-cold 

ether should be added again, the peptide dissolved as fully as possible and placed back 

on the ice bath for an additional 45 minutes. These ether washes are performed for at 

least 3 cycles or until the thiol smell is largely dissipated.  Immediately after the final ether 

is decanted, the peptide should be dissolved in a 50/50 v/v acetonitrile (ACN)/water 

solution and lyophilized. The ACN/water solution acts as a “fluffing” step and results in a 

pure white lyophilized powder ready for purification.  

2.3. Purification of synthesized peptides 

While the cleavage and fluffing steps are generally the same for the KFE8 peptides 

and Aβ42 variants, the purification of each peptide is drastically different. The purification 

of the short 8 amino acid KFE8 peptides is fairly straightforward via high performance 

liquid chromatography (HPLC). Briefly, a 2mg/mL solution of the fluffed peptides in 50/50 

v/v DMSO/water solution is filtered through a 0.2 μm Teflon syringe filter into a HPLC vial, 

approximately 2 mL per vial. We use a prep scale reverse phase C18 column with a two-

buffer gradient: solvent A being 100% water with 0.045% HCl and solvent B as 90% ACN  
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with 0.045% HCl. The retention time is mentored via UV-VIS wavelengths at 220 nm and 

280 nm. The largest signal at 220 nm corresponds to the peptide backbone carbonyls with 

weak signal from the phenylalanine side chains is detected at 280 nm. With the full 

gradient running from 5% to100% solvent B over 30 minutes, the major protein peak elutes 

at approximately 16 minutes. Each peak is collected on the autosampler and saved for 

analysis via mass spectrometry. For the short KFE8 peptides, we use a direct injection 

method on an electrospray ionization mass spectrometer. The peaks corresponding to 

pure peptide are combined and lyophilized before re-solvating with known amounts of 

 

Figure 2.2: Example of purification and quantification of proteins. The KFE8 peptides, AcKFE8 

demonstrated here, were purified via HPLC (1.2A) and the masses were check via direct inject 

ESI-MS (1.2B). Multiple mass-to-charge peaks are present in the spectrum as the two most 

prominent peaks at 1159 and 582 amu.  Aβ42-WT was purified via SEC (1.2C). The aggregates 

peak at 10 mL elution was separated and discarded from the purified monomer peak at 15 

minutes of elution. Since the Aβ42-WT protein was not soluble in appropriate solvents for ESI, 

we used MALDI-MS (1.2D) to check the mass shown at 4515 amu.  

 



 
 

21 
 

deionized water. The stock protein concentration is determined by UV-VIS absorbance at 

280nm and calculated using Beer’s law. After lyophilizing the solution, now with an 

accurately known peptide mass, d6- hexafluroisopropanol (HFIP) is used to disaggregate 

the peptide at approximately 0.5 mM. This stock in HFIP is used to make aliquots for the 

desired experiments and lyophilized down to powder.  The disaggregated peptide should 

be stored at -20 ⁰C until ready to use.  

We originally aimed to purify the cleaved amyloid beta peptide through the same 

methods described above. However, despite trying many solvents and gradients, the peak 

resolution in HPLC chromatographs were very low and had corresponding low yields of 

purified peptides. We found amyloid beta is only largely soluble under basic conditions 

and would precipitate in the HCl counterion used in the gradients. We replaced HCl with 

0.1% NH4OH to improve the peptide solubility. However, this did not improve peak 

resolution nor recovery yield. Upon recommendations from colleges and past publications, 

we turned to size exclusion chromatography (SEC) for purification. SEC chromatography 

separates molecules based on aggregates size rather than chemical affinity like HPLC. I 

found SEC chromatography to be far more advantageous for several reasons. First, we 

are able to load up to 4 mg of unpurified protein on the column with near 80% recovery 

over 40-minute runs. Secondly, we can separate the monomer and aggregate forms while 

simultaneously purifying the protein. To that end, we use a Superdex 75 30/100 SEC 

column with a linear gradient. The sole running buffer we found to yield the highest 

recovery is 20 mM Tris buffered to 8 pH. All solvents were filtered through 0.2 μM filters 

and degassed overnight at 4 ⁰C. Solvents were ran through the column at 0.5 mL per 

minute and elution was detected via UV-VIS at 280 nm. Just prior to loading, 

approximately 4 mg of Aβ42 was dissolved in 60 mM NaOH. The NaOH helps to dissolve 

and disaggregate the peptide to produce the most monomer possible. However, the 
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peptide should not be left in NaOH for over 15 minutes to prevent possible side chain 

reactions. After collection, fractions containing the peptide are immediately desalted using 

Waters Oasis HLB 3cc/60 mg SPE cartridges and a vacuum manifold. The sorbent is first 

activated with 1 mL of methanol. The sorbent is then equilibrated with 2 mL of water and 

the peptide fractions loaded onto the cartridge, up to 3 mL of fractions from SEC per 

cartridge. The salt is washed off with 1-2 mL of water depending on the amount of peptide 

solution loaded unto the column. Finally, the peptide is eluted off with 2-3mL of 50/50 v/v 

solution of ACN/water with 0.1% NH4OH. The concentration of the eluted peptide is 

calculated via UV-VIS and aliquots made accordingly. The individual aliquots are 

dissolved in HFIP at approximately 0.1 μg/μL. The peptides were left in HFIP and stored 

at -20 ⁰C until needed. Immediately before experiments, the HFIP would be lyophilized off 

yielding disaggregated Aβ42.  

2.4. Dynamic light scattering methods and sample preparation 

In addition to 2D IR spectroscopy and TDS calculations, I implement dynamic light 

scattering techniques as another form of optical analysis that tracks aggregate size over time. 

Since 2D IR spectroscopy only probes the secondary structure without the use of isotope-

labels, it can be difficult to determine to supramolecular aggregates size during self-assembly. 

DLS is capable of determining the size of particles on a massive size range. This technique 

is applicable to particles ranging from 1 nm to approximately 6-10 μm which is extremely 

difficult to achieve using other techniques. This fills a gap in the detection of aggregates that 

are too small for some optical spectroscopy techniques and too large for electron microscopy. 

DLS detects the shift in scattered light by the Brownian motion of the target particle in solution 

yielding a hydrodynamic radius indicative of the aggregates size (5).  The most precise 

measurements are generated from homogeneous spherical particles, a vary rare occurrence 

in protein systems. The hydrodynamic radius of non-spherical biomolecules is given as the 
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radius of a sphere encapsulating the molecule(5, 6). This accounts for some degree of error 

when analyzing biomolecules like proteins.  However, DLS is extremely sensitive to the 

dispersion of particles sizes, i.e., the homogeneity of the aggregates within a protein 

ensemble. Within this key principle is the most useful aspect of DLS as it allows for monitoring 

changes in aggregate size and the number of aggregates varying in size dynamically during 

self-assembly. Therefore, we employ DLS to analyze the KFE8 peptides during self-assembly 

as complementary data paired with spectra from 2D IR spectroscopy.  

For DLS experiments, we use a Malvern Panalytical Zetasizer Nano Zs provided by the 

Vanderbilt Institute of Nanoscience and Engineering (VINSE). This instrument uses a 

continuous wave 800 nm laser as the light source. Rather than only detecting the scatter light 

from one angle, we imply multi-angle dynamic light scattering (MADLS). In this technique, the 

scattered light is detecting from three positions: front scatter (7°), side scatter (90°), and back 

scatter (170°). Each correlation function generated from the three positions are averaged 

yielding a much more accurate representation of the aggregates present in the protein 

ensemble. All protein samples were ran at the same concentration used in 2D IR spectroscopy 

experiments for a direct comparison of data. DLS experiments were conducted at room 

temperature in disposable 10 mm cuvettes. Each measurement was composed of 10 scans 

each integrated over 10 seconds per scan. Three measurements per peptide samples was 

averaged for each timepoint.   

2.5. Electron microscopy sample preparation 

2.5.1. Transmission electron microscopy 

To visualize the supramolecular structures and motifs of the peptide aggregates, I 

employ several types of electron microscopy. Transmission electron microscopy (TEM) is 

widely used to image small peptide aggregates. However, protein and other biological 

samples present several inherent difficulties in electron imaging. Since the peptide 
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aggregates themselves are not very conductive, heavy metal stains are used to create 

contrast in the peptide samples. EM is also conducted under extremely high vacuum so 

steps must be taken to ensure samples are extremely dry and adhered will to the sample 

grids. To acquire TEM images, we use a FEI Tecnai Osiris microscopy operating at 200 

kV. Peptide samples are prepared on 400 copper mesh grids coated with formvar. This is 

a hydrophobic coating that helps biomolecules adhere more readily to the metal grids. I 

have found it helpful to have the grids glow discharged using a plasma cleaner. This 

creates a net positive charge on the surface of the grids and allows for a more uniform 

protein adhesion on the grid surface. The same peptide samples used in 2D IR 

experiments are immediately loaded onto the grids by adding a 10 µL droplet of peptide 

solution onto a flat grid suspended in the microscopy grade tweezers. The droplet is left 

on the gride for 120 seconds and excess solvent is wicked aways using a Kimwipe. To 

stain the peptides, I use a 2% depleted uranium acetate stain. A 10 µL drop of stain is 

placed on the grid and left on the grid for 120-240 seconds depending on the peptide 

concentration and morphologies to be imaged. Excess stain is then wicked off the grid 

and the grid placed in grid box inside a desiccator for at least 1-2 hours before inserting 

into microscope. The resulting micrographs are analyzed using ImageJ to determine the 

peptide aggregate dimensions.  

2.5.2. Cryogenic scanning electron microscopy 

As literature has suggested, imaging amyloid fibrils can be difficult and often require 

complex mixing of heavy metal staining techniques. Additionally, we found the Aβ42 

concentration used in 2D IR spectroscopy experiment was too high for TEM 

measurements and therefore was not a feasible method for direct comparison of the 

structural motifs formed during self-assembly. To acquire high resolution images of Aβ42, 

we employ cryogenic SEM through VINSE. A new cryogenic sample chamber was 
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purchased and equipped on the FEI Helios Nanolab G3CX focused ion beam scanning 

electron microscopy. Rather than using grids with carbon film supported by copper, we 

use copper rings of comparable size with an empty center. By dipping the rings in the 

sample protein solution used to conduct 2D IR experiments, a thin solvent film is created 

inside the ring like a bubble. This bubble is quickly submerged in liquid nitrogen slushy. 

This is liquid nitrogen that has been subject to high vacuum causing some solid nitrogen 

ice to form, lowering the temperature significantly. The decreased temperature allows for 

almost instantaneous vitrification and prevents the formation of structure ice crystals. It is 

imperative the ice formed remains amorphous as to not scatter the electron beam and 

create contrast with the peptide fibrils. Once vitrified, the copper rings are loaded on the 

plunger loaded holder and pushed into the cryogenic chamber. Here, the sample stage is 

gradually heated to allow the top layer of ice to evaporate, exposing the peptide structures. 

The sample is then sputter coated with pure platinum to make the peptide fibrils connective 

to the electron beam. Once the sample is coated, the sample is moved into the SEM stage 

and imaged. The rendered micrographs yield a much higher resolution of larger peptide 

morphologies compared to native TEM or SEM images (Figure A1.12).  

2.6. Calculating transition dipole strength via 2D IR 

The mathematical derivation of obtaining TDS values from infrared spectroscopy, 

through a mix of FTIR and 2D IR as well as solely through 2D IR, has been previously 

described in detail(7–9). Here, I want to highlight the methods I used to calculate TDS 

spectra completely from 2D IR spectroscopy with pulse shaping technology. It is important 

to note peptide systems that have very similar 1D and 2D spectra may be poor candidates 

for TDS calculations as the accuracy of the values relies on the spectra subtraction.  
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𝑂𝑂𝑂𝑂 =  −log �
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
� 2.1 

First, 2D IR spectra of the protein sample and a calibrant molecule as well as a blank 

sample corresponding to each solvent (buffer or pure D2O) are collected per the usual 

conditions. In this case, I use spectra with 20 scans, each scan is averaged over 60 

individual scans collected within approximately 60 seconds each. Calibrant molecules are 

chosen with known, well-established TDS values and absorbance frequency similar to the 

target protein. I use 40 L-Serine (Ser) in D2O as the calibrant spectrum. The voltage (1D 

spectrum) of both the sample and buffer are then extracted from the collected data. This 

requires an array detector. In this case we use a Mercury Cadmium Tellurium detector 

cooled to cryogenic temperature.  Using the voltages, the optical density (OD) is calculated 

via equation 2.1.  

|𝜇𝜇|2 =  

𝛥𝛥𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝛥𝛥𝑂𝑂𝑂𝑂max (𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠)
𝑂𝑂𝑂𝑂max (𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠)

 ×  |𝜇𝜇𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠|2 2.2 

The generated OD spectrum will likely have a distorted baseline. The OD spectrum is fit 

to a second order polynomial trendline near the frequency of the sample or calibrant and 

subtracted to flatten the baseline. Using the same method, the baseline correction should 

also be performed for the calibrant OD spectrum. Next, the  diagonal slice of the 2D IR 

spectrum of both the calibrant and target protein is acquired of the ΔOD.  The ΔOD and 

OD generated spectra of the sample are divided to yield a TDS spectrum of the sample. 

Rather than fully divide the calibrant spectra, the maxima values from the ΔOD and OD 

spectra is found and divided as a single value used a scalar. Finally, the calculated TDS 

sample spectrum is multiplied by the known TDS value of the calibrant. The TDS value of 

L-serine used herein is 0.2 D2. The final equation for calculated TDS spectrum is shown 

in equation 2.2. 



 
 

27 
 

2.7. References 

1.  Vanier, G.S. 2013. Microwave-assisted solid-phase peptide synthesis based on the fmoc 

protecting group strategy (CEM). Methods Mol. Biol. 1047:235–249:10.1007/978-1-

62703-544-6_17/FIGURES/00172. 

2.  Coantic, S., A.E. Gilles, S. Ae, and J. Martinez. Microwave-assisted Solid Phase Peptide 

Synthesis on High Loaded Resins. 10.1007/s10989-008-9123-6. 

3.  Webb, K. 2022. Examining Peptide and Protein Structure and Dyanmics with Two-

Dimensional Infrared Spectroscopy. . 

4.  DeNeve, D. 2019. Probing Molecular Structure with Two-Dimensional Infrared 

Spectroscopy. . 

5.  Arzenšek, D., R. Podgornik, and D. Kuzman. 2010. Dynamic light scattering and 

application to proteins in solutions. In: Seminar. . pp. 1–18. 

6.  Aggeli, A., G. Fytas, D. Vlassopoulos, T.C.B.B. McLeish, P.J. Mawer, and N. Boden. 

2001. Structure and dynamics of self-assembling β-sheet peptide tapes by dynamic light 

scattering. Biomacromolecules. 2:378–388:10.1021/bm000080z. 

7.  Grechko, M., and M.T. Zanni. 2012. Quantification of transition dipole strengths using 1D 

and 2D spectroscopy for the identification of molecular structures via exciton 

delocalization: Application to α-helices. J. Chem. Phys. 137:184202:10.1063/1.4764861. 

8.  Lomont, J.P., J.S. Ostrander, J.-J. Ho, M.K. Petti, and M.T. Zanni. 2017. Not All β-Sheets 

Are the Same: Amyloid Infrared Spectra, Transition Dipole Strengths, and Couplings 

Investigated by 2D IR Spectroscopy. J. Phys. Chem. B. 121:8935–

8945:10.1021/acs.jpcb.7b06826. 

9.  Dunkelberger, E.B., M. Grechko, and M.T. Zanni. 2015. Transition Dipoles from 1D and 



 
 

28 
 

2D Infrared Spectroscopy Help Reveal the Secondary Structures of Proteins: Application 

to Amyloids. J. Phys. Chem. B. 119:14065–14075:10.1021/acs.jpcb.5b07706. 

 



29 
 

Chapter 3 

Investigating the effects of N-terminal acetylation on KFE8 self-assembly with 2D IR 

spectroscopy 

3.1. Abstract 

Peptide self-assembly is an exciting and robust approach to create novel 

nanoscale materials for biomedical applications. However, the complex interplay between 

intra- and intermolecular interactions in peptide aggregation means that minor changes in 

peptide sequence can yield dramatic changes in supramolecular structure. Here, we use 

two-dimensional infrared spectroscopy to study a model amphiphilic peptide, KFE8, and 

its N-terminal acetylated counterpart, AcKFE8. Two-dimensional infrared spectra of 

isotope-labeled peptides reveal that AcKFE8 aggregates comprise two distinct β-sheet 

structures although KFE8 aggregates comprise only one of these structures. Using an 

excitonic Hamiltonian to simulate the vibrational spectra of model β-sheets, we determine 

that the spectra are consistent with antiparallel β-sheets with different strand alignments, 

specifically a two-residue shift in the register of the β-strands. These findings bring forth 

new insights into how N-terminal acetylation may subtly impact secondary structure, 

leading to larger effects on overall aggregate morphology. In addition, these results 

highlight the importance of understanding the residue-level structural differences that 

result from changes in peptide sequence to facilitate the rational design of peptide 

materials. 

3.2. Introduction 

Self-assembling peptides are promising candidates for biomedical applications (1, 

2) in areas such as drug or vaccine delivery (3–5), tissue regeneration (6–8), and 

bioimaging(9), due to their diverse functionalization and amphiphilicity (10–15).Complex 

drug-delivery systems combine carrier molecules and targeting ligands with the desired 
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drug, making tunable self-assembling peptides ideal candidates for these applications. 

However, it can be difficult to predict a final three-dimensional structure, much less 

functionality, based solely on a linear sequence of amino acids. Studies have shown that 

relatively small changes to the sequence of amino acids can dramatically alter the final 

self-assembled nanostructures (16–21). For example, Xu et al. reported a series of 

cationic peptide surfactants AmK (m= 3, 6, 9) that differ only in the repeat length of the 

alanine chain (22). These peptides self-assemble into three distinct nanostructures, 

ranging from flat nanosheets (A3K) to long nanofibers (A6K) to short nanorods (A9K). In 

another example, Cui et al. studied four constitutional isomers based on the tetrapeptide, 

V2E2, attached to an alkyl tail (23). They found that molecules with alternating hydrophobic 

and hydrophilic residues (VEVE or EVEV) self-assemble into flat nanostructures although 

non-alternating isomers (VVEE and EEVV) form cylindrical nanofibers. The KFE8 family 

of octapeptides, which comprises varying sequences of lysine, phenylalanine, and 

glutamic acid residues, is a classic example of the complexity in predicting sequence-

structure relationships. Numerous studies have explored the effects of varying the 

patterning of the residues, changing the identity of the charged residues, introducing 

heterochiral blocks, or capping the termini (20, 21, 24–27). Although all variants form 

extended β-sheet structures, their supramolecular morphologies exhibit varying lengths, 

widths, and degrees of helicity or twisting. One particularly interesting variant, AcKFE8 

(COCH3-FKFEFKFE-NH2), forms a left-handed helical ribbon. Researchers have 

explored the potential of this unique chiral morphology for biomedical applications (2, 8, 

9, 28): in vivo, AcKFE8 exhibits an adjuvant effect when conjugated to other epitope-

targeting domains (4, 29). Since neither AcKFE8 nor the various conjugated substrates 

have shown adjuvant effects alone, current research suggests self-assembling peptides 

are the key in activation of immunological responses of the epitope species. The 

supramolecular morphology of AcKFE8 has been well characterized (21, 24, 30) using 
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imaging techniques such as atomic force microscopy and transmission electron 

microscopy (TEM); however, the detailed arrangement of the peptides within the 

aggregates remains elusive. Although Fourier-transform infrared (FTIR) and circular 

dichroism spectra indicate that the monomers are forming antiparallel β-sheets, the 

specific alignment of the strands has not been experimentally determined (24, 31). Thus, 

it is unclear why AcKFE8 forms a unique left-handed helical ribbon although its non-

acetylated analogue, KFE8 (NH2-FKFEFKFE-NH2), forms ribbons with a flat morphology. 

Molecular dynamics (MD) simulations suggest that the AcKFE8 aggregates comprise two 

antiparallel β-sheet ribbons that stack to create a double helical morphology with a 20-

nm pitch (24, 25). From these studies were proposed two possible antiparallel β-sheet 

conformers for these helical ribbons, varying only in the register of the strands, but there 

exists no direct experimental evidence for the proposed structures. The unique 

morphology of AcKFE8 demonstrates immense potential for biomedical applications, 

making it imperative to understand precisely how acetylation affects the underlying 

organization of peptide monomers to create this left-handed helical ribbon and thus 

elucidate how other peptide sequences could be driven to adopt such a structure. 

In this study, we use two-dimensional infrared (2D IR) spectroscopy and isotope 

labeling to extract structural details of aggregates of both AcKFE8 and its non-acetylated 

analogue, KFE8, for comparison. 2D IR spectroscopy has been used extensively to 

characterize the structure and aggregation dynamics of other peptides that form β-sheet-

rich aggregates, including amyloid fibrils (32–40). When peptides form organized 

secondary structures, vibrational coupling between backbone amide I’ modes results in 

frequency shifts that can be used to analyze both secondary and tertiary structures (41–

44). These vibrational couplings are highly sensitive to both the distance and orientation 

between backbone residues. Thus, when β-sheet peptides are prepared with site-specific 

13C18O labeling of individual backbone carbonyls, shifting the vibrational frequency of the 
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labeled amide I0 mode by 55 cm-1 (45–47), we can determine the precise alignment of β-

strands with single-residue resolution. 2D IR spectra of labeled AcKFE8 exhibit two 

isotope-labeled peaks compared with a single peak present in KFE8. Using transition 

dipole coupling (TDC) calculations of model β-sheets to simulate vibrational spectra, we 

demonstrate that these spectral features are consistent with one of the structures 

previously proposed by MD simulations. These results demonstrate that 2D IR 

spectroscopy is a powerful tool for studying protein self-assembly that provides molecular 

insights that would be difficult or impossible to obtain with traditional experimental 

techniques. 

3.3. Materials and methods 

3.3.1. Materials 

All reagents were used as purchased, excluding modifications made to 1-13C-

phenylalanine-OH, as described in the section on preparation of 13C18O-

phenylalanine. Piperazine was purchased from Alfa Aesar (Ward Hill, MA, USA). 

Sodium bicarbonate (NaHCO3), potassium bisulfate (KHSO4), 

dimethylformamide, diethyl ether, acetone, acetonitrile, hydrochloric acid (12.1 N), 

acetic anhydride, 4-nitrobenzaldehyde, and methanol were purchased from Fisher 

Scientific (Pittsburgh, PA, USA). N-9-fluoroenylmethoxycarbonyl (FMOC)-

protected amino acids, Oxyma, and Rink Amide ProTide resin were purchased 

from CEM (Matthews, NC, USA). N,N0 -diisopropylcarbodiimide was purchased 

from Oakwood Chemical (Estill, SC, USA). 1-13C-L-phenylalanine (99% enriched), 

18O-H2O (98% enriched), and D2O (99% enriched) were purchased from 

Cambridge Isotope Laboratories (Tewksbury, MA, USA). 2% uranyl acetate 

solution was purchased from Electron Microscopy Sciences (Hatfield, PA, USA). 

All other reagents were purchased from Millipore Sigma (Burlington, MA, USA). 

3.3.2. Solid-phase peptide synthesis and purification 
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AcKFE8 and KFE8 were synthesized on a Liberty Blue microwave peptide 

synthesizer (CEM, Matthews, NC, USA) using standard FMOC solid-phase peptide 

synthesis with piperazine deprotection and diisopropylcarbodiimide/Oxyma 

activation (48). Rink Amide ProTide resin was used as the solid support to produce 

an amidated C-terminus in both peptides. After final deprotection, 10% acetic 

anhydride was used to acetylate the N-terminus of AcKFE8 before cleaving the 

peptide off the resin. A solution of 95% trifluoroacetic acid, 2.5% triisopropylsilane, 

and 2.5% deionized water was used to cleave the peptides from the resin and 

remove side-chain protecting groups. The resin was removed via filtration, followed 

by precipitation of the crude peptide with ice-cold diethyl ether. Crude peptide was 

dissolved in a 50/50 water/acetonitrile solution and purified via reverse-phase high 

performance liquid chromatography (Ultimate 3000, Thermo Fisher Scientific, 

Waltham, MA, USA) with a binary gradient of water (solvent A) and 100% acetonitrile 

(solvent B) with 0.045% HCl (v/v) as the counterion. The gradient was varied from 

0% to 90% Solvent B over 40 minutes whereas ultraviolet-visible absorbance was 

monitored at 214 nm and 280 nm. AcKFE8 eluted around 15 minutes whereas KFE8 

eluted around 18 min. Molecular weight and purity of both peptides were confirmed 

via electrospray ionization mass spectrometry (Orbitrap XL Penn, Thermo Fisher, 

WA, USA). Purified peptide was lyophilized (Labconco, Kansas City, MO, USA) and 

stored at 20 ⁰C. Isotope-labeled peptides were synthesized and purified in the same 

manner, using 13C18O18O-phenylalanine-OH, preparation described below, at the 

Phe-5 position during solid-phase peptide synthesis. 

3.3.3. Preparation of 13C18O-phenylalanine 

FMOC protection was added to the 1-13C-phenylalanine using a 1:1:1 mol ratio of 1-

13C-phenylalanine-OH, NaHCO3, and FMOC-succinimide, which was stirred 
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overnight at room temperature in a 50:50 deionized water/acetone solution. The 

reaction was quenched with 2 M potassium sulfate to a pH of 2. The precipitated 

amino acid was vacuum filtered and washed sparingly with ice-cold deionized water. 

To introduce 18O labeling to the FMOC-protected amino acid, an acid-catalyzed 18O 

exchange was conducted under N2 atmosphere on a Schlenk line as previously 

reported (48). Briefly, 1 g of FMOC-1-13C-phenylalanine-OH was reacted with 1 g 

18OH2 in 10 mL dioxane and 2 mL HCl in dioxane. The reaction was refluxed at 150 

⁰C for 6 h. Most of the solvent was removed under vacuum on the Schlenk line 

followed by lyophilization until completely dry. The process was repeated once to 

achieve R 90% 18O labeling efficiency, as verified by electrospray ionization mass 

spectrometry. The final labeled amino acid was washed with 10 mL of cold 3:1 (v/v) 

ethyl acetate:hexane solution. Most of the solution was removed via rotary 

evaporation. The amino acid was precipitated with cold 8:1 (v/v) hexane:ethyl acetate 

solution, vacuum filtered, and lyophilized to completely dry powder. 

3.3.4. Sample Preparation 

All peptide samples were prepared using deuterated solvents to ensure the amide I’ 

mode was not obstructed by the strong water bending mode in 2D IR measurements. 

Stock solutions were prepared by dissolving the purified proteins in D2O. After 

determining the concentration of the stock solution by using the absorbance at 

phenylalanine at 280 nm (49), the peptide was lyophilized and redissolved in 

deuterated hexafluoroisopropanol (d-HFIP) (98% enriched) at a concentration of 1 

mM. The d-HFIP solution was allowed to sit overnight before sonication for 4 h to 

ensure that the peptides were disaggregated, and the backbone amides were fully 

deuterated. Finally, d-HFIP was removed via lyophilization, and the dry powder 

stored at 80 ⁰C. In accordance with previously published studies, samples were 
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prepared by dissolving the lyophilized protein in unbuffered D2O at a final pD of 3 

(24, 25, 30). As AcKFE8 has been shown to form the left-handed helical aggregates 

at concentrations ranging from 0.1 to 4 mM (30), a concentration of 1 mM was 

selected for these studies to achieve an acceptable signal-to-noise ratio in all 

experiments. 

3.3.5. TEM 

TEM micrographs were taken using a Tecnai Osiris transmission electron 

microscope (FEI, Hillsboro, OR, USA) operating at 200 kV. Ultrathin 400 copper 

mesh grids with formvar (Ted Pella, Redding, CA, USA) were dip coated in a 1 mM 

peptide solution to adhere peptide to grids. The grids were stained with 2 uranyl 

acetate solutions and dried overnight. ImageJ, a free Java-based image processing 

program developed by the National Institutes of Health and Laboratory for Optical 

and Computational Instrumentation (University of Wisconsin), was used to process 

all TEM micrographs. Width and pitch measurements of all peptide ribbons were 

determined for 100 individual peptide ribbons to calculate averages and standard 

deviations with a 95% confidence interval. 

3.3.6. DLS 

Dynamic light scattering measurements were performed on a Nano ZS zetasizer 

(Malvern Panalytical, Worcestershire, UK). Measurements were averaged over 300 

scans and analyzed using a count size distribution. Malvern Analytical software 

calculates the average number of particles in solution within a size range based on 

the intensity of the light scattered within the size range using a size correlation 

function. This size distribution is plotted via a Gaussian function. The zetasizer 

utilizes an 800-nm continuous wave laser with a back-scatter detector at a 45⁰ angle 

from samples. Ten centimeters pathlength polystyrene cuvettes (Fisher Scientific, 

Pittsburgh, PA) were used to measure samples. 
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3.3.7. 2D IR spectroscopy 

A detailed description of 2D IR data collection and processing methods are described 

elsewhere (48). Briefly, 800-nm pulses (7 mJ, 1 kHz, 60 fs) were generated by a 

single box ultrafast amplifier (Solstice, SpectraPhysics, Milpitas, CA, USA). A 50/50 

beamsplitter was used to direct half of the beam to pump an optical parametric 

amplifier with difference frequency generation (TOPAS-Prime, SpectraPhysics, 

Milpitas, CA, USA). The resulting mid-IR light (6,100 nm, 25 mJ, 1 kHz, 70 fs) was 

directed into the 2D IR spectrometer (2DQuick IR, PhaseTech Spectroscopy, 

Madison, WI, USA). 2D IR spectra were collected using a parallel (ZZZZ) beam 

polarization. The t1 time delay between pump pulses was scanned from 0 to 2.54 ps 

in 23.8-fs steps, although the t2 waiting time between pump and probe was held 

constant at 0 fs. The signal was directed into a monochromator (Princeton 

Instruments, Trinton, NJ) and dispersed onto a mercury cadmium telluride focal-

plane array detector (PhaseTech Spectroscopy, Madison, WI, USA), which can 

achieve a spectral resolution of 2.1 cm-1. The data was collected using the 

QuickControl software provided by PhaseTech and processed using custom 

MATLAB scripts. Peptide samples were measured by placing 5 mL of peptide 

solution between two CaF2 windows (Crystran, Poole, Dorset, UK) separated by a 

50-mm Teflon spacer. 

3.3.8. Construction of model β-sheet aggregates 

Flat antiparallel β-sheets were constructed from β-strands of eight residues each with 

an interstrand distance of 4.77 A˚. To simulate different strand registers, alternating 

strands were shifted by integer multiples of 6.5 A˚, which corresponds to the length 

of two residues in a β-sheet. Methods for simulating the helical β-sheet ribbons were 

adapted from (24). Helical aggregates were constructed by taking flat β-sheets 

comprising 200 strands and positioning the first strand at the desired radius (inner 
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radius = 22.5 A˚; outer radius = 35.4 A˚) along the y-axis. The β-sheet extended along 

the x-axis, with individual strands oriented parallel to the z-axis and shifted so that 

the middle of the strand was at z = 0. The β-sheet was then rotated about the y-axis 

by an angle such that the pitch of each helix would be 19.4 nm. The helix radius (r) 

and the pitch (h) are related by Equation 3.1, 

𝑟𝑟 =  
ℎ

2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
 (3.1) 

 where θ is the pitch angle. To maintain a common pitch between the two helices, 

the y-axis rotation angle was 53.9⁰ for the inner helix and 41.1⁰ for the outer helix. 

Each strand in a β-sheet was then individually translated in the x-direction such that 

the middle of the strand had an x-coordinate of 0 followed by a rotation about the z-

axis to produce the helical structure. The purpose of the translation before rotation 

was to obtain the desired radius after rotation (by construction, only the first strand 

in the β-sheet had the proper radius to the z-axis). The angles that were used to 

rotate about the z-axis were calculated to maintain 4.77 A⁰ between consecutive 

strands. Each strand in the inner and outer helix was rotated by an additional 7.2⁰ 

and 5.8⁰, respectively, relative to the previous strand in the helix. The way the helix 

was constructed resulted in different hydrogen bond distances because successive 

strands were no longer parallel to one another. In a flat β-sheet with an interstrand 

distance of 4.77 A˚, the hydrogen bond distances between adjacent strands were 1.8 

A˚. However, after the strands were rotated to create the helix, the hydrogen bond 

distances reached up to 2.3 A˚. We employed a simple steepest descent energy 

minimization to better align the strands and alleviate the elongated hydrogen bond 

distances. The energy minimization was completed using GROMACS v.2020.3 with 

standard GROMOS 53a6 bond, angle, and dihedral parameters within each strand. 

The interstrand hydrogen bond distances were fixed using a Lennard-Jones 
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interaction (σ= 0.255 nm ε =2.0 kJ/mol) between the amide nitrogen on one strand 

and the carbonyl oxygen on a neighboring strand. These parameters were chosen 

because they had minimal effect on the strand structure and hydrogen bond 

distances in the β-sheet structure. The energy minimization on the double helix 

decreased the maximum hydrogen bond distance to roughly 2.0 A⁰. Although this 

distance could be decreased further by increasing the ε Lennard-Jones parameter, 

we decided against this because larger ε parameters could lead to more significant 

changes to the overall structure of each strand and the purpose of the energy 

minimization was only used to slightly re-align the strands after the helix was 

constructed. 

3.3.9. Simulation of vibrational spectra 

FTIR and 2D IR spectra were calculated using COSMOSS, an open-source Matlab 

script available on GitHub that simulates vibrational spectra by creating an excitonic 

coupling Hamiltonian from structural input files (50). Flat aggregates were calculated 

using 20 strands, although helical aggregates were simulated using approximately 

105 strands (approximately 50 strands per sheet, equivalent to one full helical turn). 

Unlabeled residues were assigned a local mode frequency of 1650 cm-1 based on 

the experimental uncoupled amide I0 frequency, although 13C18O-labeled residues 

were redshifted by 55 cm-1 to 1595 cm-1 (41). Coupling constants between residues 

were calculated according to a TDC model. However, this model overestimates 

coupling between adjacent, covalently bound residues, so nearest neighbor 

couplings were set to a value of 0.8 cm-1, which was derived from quantum 

mechanical calculations (47, 51). To account for sources of environmental disorder, 

such as hydrogen bonding between the amide groups and water (52), the local mode 

frequencies were varied randomly around the assigned values using a Gaussian 

distribution with a full width at half maximum of 10 cm-1 (36). Simulated spectra were 
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generated by averaging over 100 samples. The calculated spectra exhibited a 

consistent 12–16 cm-1 red shift of both the unlabeled and labeled amide I’ modes 

compared with experimental spectra, suggesting that our calculations consistently 

predict stronger vibrational couplings than we observe experimentally. This is not 

surprising, as the calculations are performed on ideal β-sheets models with no 

structural disorder. Real peptide aggregates likely exhibit some amount of structural 

disorder that alters the distance and angles between vibrational modes. Such 

structural variations would change the coupling strengths between residues, an 

effect that is not accounted for in our calculations (47). We have applied a constant 

14 cm-1 blue shift to the calculated spectra to allow for more straightforward 

comparison with experiments. 

3.4. Results and discussion 

Although the size and supramolecular morphology of AcKFE8 aggregates have 

been reported previously, KFE8 has yet to be investigated under similar conditions. The 

difference in supramolecular structure during and after aggregation is immediately 

apparent when imaged with TEM (Fig. 3.1). In bright-field TEM, regions of higher density 

appear darker than regions of lower density. Thus, the regions of alternating light and dark 

contrasts along the length of the aggregated AcKFE8 ribbons (Fig. 3.1 A) indicate periodic 

changes in thickness, a clear indication of rotation. The use of light contrasts in TEM 

micrographs has been used previously as an accurate means to measure protein 

periodicity (53–55). The AcKFE8 twisted ribbons were determined to have widths of 15.7 

± 5.4 nm (Fig. 3.1 B, solid line) and pitches of 14.5 ± 0.5 nm. In contrast, the non-acetylated 

variant self-assembled to form narrow, flat peptide ribbons with widths of 8 ± 1.3 nm (Fig. 

3.1, C and D, solid line), with no change in contrast along the length of the aggregates. 

The flat ribbons also showed a tendency to stack and aggregate into larger ribbon bundles  
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Figure 3.1: TEM micrographs of final morphology of AcKFE8 (A) and KFE8 (C) after 24 h 

aggregation. White scale bars are equal to 100 nm. Size distribution of peptide ribbon widths 

comparing measurements from DLS (dotted dashed line) and TEM micrographs above (solid 

lines) of AcKFE8 (B) and KFE8 (D) after 24 h aggregation. 

that can reach over 100 nm in width, although helical ribbons remain separate in solution. 

These aggregate structures were found to persist for at least 1 week after initial 

aggregation (appendix 1, figure S1.1).  

Previous studies have demonstrated that DLS is capable of detecting protein 

aggregates before they are clearly visible by electron microscopy (56). Therefore, to better 

understand the evolution of AcKFE8 and KFE8 aggregates, we used DLS to track the 

hydrodynamic radius of the protein particles at discrete timepoints throughout a 24-h 

aggregation window (57). DLS analysis generally assumes that all particles in the 

scattering volume can be approximated as spheres. Clearly, this is not the case for the 

ribbon aggregates observed via TEM. However, DLS studies of amyloid protein fibers 

commonly approximate the fibers as cylinders, in which case the effective hydrodynamic 

radius calculated from DLS can be interpreted in terms of the fibers’ width (58–60). The 

fiber lengths are not reported in these measurements, as they exceed the limit of detection 

for DLS. As one would expect, the hydrodynamic radii of the peptide ribbons after 24 h of 
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aggregation are larger than the mean widths measured by TEM (Fig. 3.1, B and D). The 

general trend still holds, however, as the AcKFE8 ribbons are wider and have a broader 

distribution than those formed by KFE8. DLS measurements from earlier time points 

showed no significant variation from the measurements at 24 hours; thus, we conclude 

that the β-sheet ribbons form rapidly (in less than 5 min after initiating aggregation) and 

their supramolecular morphology remains unchanged, even when the samples were 

rechecked after a week of aggregation. Although TEM and DLS reveal distinct differences 

in the size and supramolecular morphology of the peptide aggregates, they do not possess 

sufficient structural resolution to indicate why N-terminal acetylation causes such dramatic 

changes in the aggregate structures.  

 

Figure 3.2: 2D IR contour maps of AcKFE8 (A) and KFE8 (B) with nodal slope line (black line). 

Inverse nodal slope regression (C) of AcKFE8 (blue line) and KFE8 (red line) over 24 h 

aggregation is shown. Error bars for each time point represent the standard deviation over three 

measurements. 

 

To determine the residue-level structural differences that underlie the dramatically 

different supramolecular morphologies of AcKFE8 and KFE8, we collected 2D IR spectra 

of both peptides at three time points during aggregation: 5 min, 6 h, and 24 h. Figure 3.2 
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shows the 2D IR spectra for each peptide variant after 24 h. In these spectra, peaks 

appear in pairs along the vertical pump axis; within each pair, the blue peak represents 

the |0 → 1| fundamental vibrational transition and the yellow peaks represents the |1 → 2| 

overtone vibrational transition. Both AcKFE8 (Fig. 3.2 A) and KFE8 (Fig. 3.2 B) exhibit 

strong amide I’ peak pairs at a probe frequency of 1622 cm-1. This vibrational frequency 

is characteristic of highly ordered β-sheet structures (41, 44) and is present immediately 

after self-assembly is initiated (appendix 1, Fig. S1.1). In soluble monomeric proteins that 

adopt β-sheet structures, the frequency of the amide I’ mode tends to correlate directly 

with the number of β-strands: as the number of strands increases, the amide I’ mode is 

further red shifted due to increasing delocalization of the vibration across the β-strands 

(61). For large, β-sheet-rich protein aggregates, however, the β-sheets are sufficiently 

extensive that the frequency shift appears to reach an asymptotic limit. Instead, the 

precise amide I’ frequency of these aggregates is determined by a variety of structural 

factors that affect vibrational coupling strengths, including interstrand spacings and the 

relative orientations of the amide I’ groups (38). The nearly identical 2D IR spectra in Fig. 

3.2, A and B suggest that residues in AcKFE8 and KFE8 experience, on average, nearly 

identical vibrational couplings and thus must adopt very similar β-sheet structures. 

Although the vibrational frequencies were identical for both peptides and remained 

constant over 24 h of aggregation, lineshape analysis revealed slight differences between 

variants. Here, we use inverse slope, defined as the 1/slope of the nodal line between the 

fundamental and overtone peaks, to quantify the inhomogeneity of the 2D IR lineshapes. 

Inverse slope values can vary between 0 (for purely homogenous, round lineshapes) and 

1 (for inhomogeneous lineshapes that are elongated along the diagonal). Samples rarely 

exhibit purely homogeneous or inhomogeneous lineshapes, and thus, the inverse slope 

serves as a measure of the ratio of inhomogeneous to homogenous contributions (62). 
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The spectral lineshapes, which reflect the distribution of vibrational frequencies within the 

sample, are directly related to the structural distribution of the proteins (36, 41). The 

inverse slope of both variants decreases over the course of 24 h (Fig. 3.2 C). As the 

frequency of the amide I’ vibrational mode does not change during this period, we attribute 

the increased lineshape homogeneity to a subtle annealing of the ribbon structures, 

resulting in increased structural homogeneity, rather than a significant change in the 

structure of the β-sheets (38). In addition, AcKFE8 exhibits a consistently higher inverse 

slope than KFE8, indicating a higher degree of inhomogeneity throughout the course of 

aggregation. Thus, although amide I’ frequencies suggest that AcKFE8 and KFE8 must 

adopt nearly identical β-strand configurations, the lineshapes reveal that AcKFE8 

monomers experience more variation around this ‘‘average’’ structure. This result agrees 

with the measured TEM and DLS distributions and indicates that AcKFE8 is more 

heterogeneous on both the molecular and supramolecular scale. The higher inverse slope 

could signal the presence of multiple, slightly different strand alignments, as suggested by 

MD simulations (24–26). 

To test this hypothesis, we employ site-specific isotope labeling to probe the 

detailed alignment of the β-strands in each aggregate. Isotope labels are ideal structural 

probes, as they do not perturb peptide structure or dynamics. Introducing a 13C18O label 

into a backbone amide I’ group redshifts the frequency of that oscillator by 55 cm-1, 

isolating it from the other residues in the peptide (36, 39, 41, 63). This allows the vibrational 

couplings between specific residues, which are exquisitely sensitive to both the distance 

and relative orientation of the amide I’ groups (44, 64), to be measured directly. In one of 

the strand alignments proposed from MD simulations, the N-terminus is slightly exposed 

(Fig. 3.3 A), although in the second strand alignment, the register of the β-strands is shifted 

by two residues such that the C-terminus is exposed (Fig. 3.3 B). Comparing these strand  
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Figure 3.3: Simulated antiparallel β-sheet structures and corresponding calculated FTIR 

spectra. Flat β-sheets were simulated from either N-terminal exposed (A) and C-terminal 

exposed (B) strand alignments. Left-handed double helical β-sheets were simulated using the 

N-exposed strand alignment for the inner β-sheet and either the N-exposed (C) or C-exposed 

(D) strand alignment for the outer β-sheet. The location of the 13C18O-labeled F5 residue is 

highlighted in yellow in each β-strand. The frequencies of the unlabeled and 13C18O-labeled 

amide I’ modes are labeled in the simulated spectra, with the isotope-labeled mode highlighted 

in yellow. 

 

alignments, we can see that residue F5 is well aligned across the strands in the N-exposed 

alignment but staggered between strands in the C-exposed alignment. Thus, we would 

expect residue F5 to experience strong coupling (+9.6 cm-1 according to TDC) in the N-

exposed alignment, although coupling will be negligible (-0.2 cm-1 according to TDC) in 

the C-exposed alignment.  

To confirm the sensitivity of residue F5 to the two strand alignments, we simulated 

their vibrational spectra (50). The isotope-labeled mode appears at 1583 cm-1 in the N-

terminal strand alignment (Fig. 3.3 A), which is significantly red shifted compared with the 

1593 cm-1 peak calculated for the C-exposed strand alignment (Fig. 3.3 B). For 

comparison, we calculated an isotope-diluted spectrum in which only a single strand 

contained the 13C18O label at Phe-5 (Fig. 3.5 A); in this scenario, all coupling to the isotope-
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labeled amide I’ mode is eliminated, and the labeled mode appears as a broad, weak 

feature at its native or local mode, frequency of 1594 cm-1 (33, 65). These results match 

our predictions that residue F5 is strongly coupled in the N-exposed alignment and virtually 

uncoupled in the C-exposed alignment. Thus, the coupling at residue F5 should serve as 

a sensitive reporter of the β-strand alignment in both variants. 

Although these were the most favorable structures according to MD simulations 

(24, 25), we tested other strand alignments to ensure that 2D IR spectra could distinguish 

between any possible structures. Two new structures were simulated with an additional 

two-residue shift in register toward either the N- or C-terminus; single-residue register 

shifts were neglected as they would eliminate the favorable pi-stacking interactions 

between phenylalanine residues. The calculated spectra exhibit significant disordered 

features, as increased staggering of the strands causes the termini to extend far past the 

core β-sheet structure (Fig. S4, A and B). The experimental 2D IR spectra show minimal 

contributions from disordered structures (Fig. 3.4, A and B); as such, these additional 

structures are discounted. 

To determine how helical twisting of the β-sheet aggregates would alter coupling, 

we simulated the vibrational spectra of the two helical β-sheet aggregates that have been 

proposed as likely structures for AcKFE8 (24, 25). In both models, the inner β-sheet is 

formed with the N-exposed strand alignment; the models differ, however, in whether the 

outer β-sheet contains N-exposed (Fig. 3.3 C) or C-exposed (Fig. 3.3 D) strands. The 

latter model was initially proposed (24), but subsequent MD studies suggested that the 

former was more energetically favorable (25). Our calculations show that the double N-

exposed helix (Fig. 3.3 C) produces spectral features that look nearly identical to those of 

a single, flat N-exposed β-sheet (Fig. 3.3 A). The mixed N-exposed and C-exposed helix 

(Fig. 3.3 D) produces spectral features that look like a sum of the N-exposed (Fig. 3.3 A)  
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and C-exposed alignments (Fig. 3.3 B). Thus, we conclude that helical twisting of the β-sheets 

does not significantly alter coupling at residue F5. 

Experimental 2D IR spectra of AcKFE8 and KFE8 labeled with 13C18O at residue 

F5 are shown in Fig. 3.4. Linear traces of the 2D IR spectra are calculated using the pump 

slice amplitude method (66) to reduce spectral artifacts and allow better comparison with 

calculated 1D IR spectra. Both variants exhibit an unlabeled amide I’ mode centered at 

1628 cm-1, which is 6 cm-1 higher than observed for the unlabeled species (Fig. 3.2, A and 

B). This shift can be attributed to isotope labeling of residue F5 disrupting the coupling of 

the β-sheets. Introduction of the heavier isotopes shift the frequency of the labeled mode 

by 55 cm-1, which is sufficient to eliminate coupling between labeled and unlabeled 

oscillators. As residue F5 is located in the center of the β-strands, the isotope label 

effectively sections the β-sheet into two smaller sheets (one with four residues per strand 

and one with three), which yield broader, higher frequency amide I’ peaks (47, 65). KFE8 

 

Figure 3.4: 2D IR spectra and pump slice amplitudes of single-isotope labeled AcKFE8 (A) and 

KFE8 (B). The slices were fit to a sum of Gaussian functions, with the combined fit of the traces 

(dotted orange line) and fits for the unlabeled (purple) and 13C18O-labeled (green and blue) 

peaks plotted individually. 
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exhibits an isotope-labeled feature at a probe frequency of 1586 cm-1 (Fig. 4 B), indicative 

of strong coupling at residue F5, which is consistent with an N-terminal exposed strand 

alignment (Fig. 3.3 A). 

The experimental spectrum of AcKFE8 exhibits a broad feature in the isotope-

labeled region between 1580 and 1600 cm-1 (Fig 3.4 A). This feature could not be fit to a 

single Gaussian peak but did fit well to a sum of two Gaussian peaks centered at 1586 

cm-1 and 1593 cm-1. These features closely match our calculated spectra for the double 

helical structure containing both N-exposed and C-exposed strand alignments (Fig. 3.3 

D), with the 1586 cm-1 isotope mode corresponding to the N-exposed strand alignment of 

the inner β-sheet and the 1593 cm-1 isotope mode corresponding to the C-exposed 

alignment of the outer β-sheet. In addition to creating frequency shifts, vibrational coupling 

delocalizes the vibrational mode of multiple oscillators and thus redistributes the transition 

dipole distribution (67). Recent studies have demonstrated that transition dipole strengths 

are an even more sensitive measure of coupling between peptide residues than frequency 

shifts (68). Furthermore, these studies have shown that 2D IR is exquisitely sensitive to 

changes in transition dipole strength (67, 68). Unfortunately, the weak signal strength of 

the isotope label in AcKFE8 makes it impossible to accurately quantify the transition dipole 

strength of this feature. Thus, we must restrict our analysis to qualitative comparison of 

the signal intensities. The significant difference in the labeled amide I’ peak intensity 

between AcKFE8 and KFE8 (Fig. 3.4) suggests that residue F5 experiences much 

stronger coupling in KFE8 than in the acetylated variant. This supports our structural 

assignments as residue F5 is strongly coupled across all strands in the N-exposed 

alignment. In contrast, at most half of the labeled F5 residues are strongly coupled in 

AcKFE8: the N-exposed inner helix would maintain coupling, although the C-exposed 

outer helix would exhibit minimal coupling. Furthermore, it has been shown that transition  
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dipole strength is more sensitive than the overall mode frequency to subtle changes in 

coupling that arise from structural variations, such as interstrand spacings and dihedral 

angles (38). Thus, although both simulations and experiments exhibit the same coupled 

frequency for isotope-labeled F5, the dramatically reduced intensity of the coupled peak 

in AcKFE8 may reflect increased disruption of the coupling induced by the helical twist. 

To confirm that the peaks observed in Fig. 3.4 truly arise from vibrational coupling 

between F5 residues, the AcKFE8 and KFE8 were prepared under isotope dilution 

 

FIGURE 3.5: Simulated and experimental spectra of isotope-diluted and doubly isotope-labeled 

peptides. Simulations of an antiparallel β-sheet with 10% isotope labeling (A) exhibit a fully 

uncoupled 13C18O peak at 1594 cm-1. comparable to the experimental spectra collected for 

isotope diluted samples of both AcKFE8 (C) and KFE8 (D). Simulations of the mixed N-exposed 

and C-exposed helix doubly labeled with 13C18O at residues F3 and F5 (B) predict an intense 

coupled peak at 1578 cm-1 and a weak uncoupled peak at 1594 cm-1, which closely matches 

experimental spectra of double-labeled AcKFE8 (E). The locations of the 13C18O-labeled 

residues are highlighted in yellow in each β-strand. The frequencies of the unlabeled and 
13C18O-labeled amide I’ modes are labeled in the simulated spectra, with the isotope-labeled 

mode highlighted in yellow. Experimental pump slice amplitudes were fit to a sum of Gaussian 

functions, with the combined fit of the traces (dotted orange line) and fits for the unlabeled 

(purple) and 13C18O-labeled (green and blue) peaks plotted individually. 
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conditions. If the isotope-labeled peaks shift back to the local mode frequency of 1595 cm-

1 (Fig. 3.5 A), we can attribute their redshifted frequencies in pure samples to vibration 

coupling; if one or both peaks remain unchanged in frequency upon isotope dilution, we 

must consider that other effects, such as solvent environment or hydrogen bonding, are 

responsible for their low frequencies (33, 39). For samples containing only 10% isotope-

labeled peptides, the resulting 2D IR spectra are identical for both variants with a single, 

weak peak at 1596 cm-1 (Fig. 3.5, C and D). Thus, we confirm that the two isotope-labeled 

modes in AcKFE8 arise from two different coupling constants between F5 residues: 10 

cm-1 and 3 cm-1. These values align well with predicted coupling strengths within 

antiparallel β-sheet and with our calculations.  

In addition, we synthesized another variant of AcKFE8 that is doubly labeled at 

residues F3 and F5 to determine whether coupling could be restored. Simulations of the 

mixed N-exposed and C-exposed double helix (Fig. 3.5 B) show with labeling at residues 

F3 and F5 show an extremely intense isotope peak at 1578 cm-1, indicating strong 

coupling between the majority of the labeled residues. The correlates to coupling between 

residues F3 and F5 in the C-exposed strand alignment and between all F5 residues in the 

N-exposed strand alignment. There is also a much weaker peak at 1594 cm-1, indicating 

the presence of uncoupled isotope labels. This is not surprising, as residue F3 does not 

align within the N-exposed strand alignment. In stark contrast, the intensities are reversed 

in the simulated spectrum of a double helix containing only N-exposed strands (Fig. S4 

C): the uncoupled peak is more intense than the coupled peak, as residue F3 is never fully 

coupled. The experimental spectrum of double-labeled AcKFE8 (Fig. 5 E) also exhibits an 

extremely intense isotope peak at 1574 cm-1, which confirms that coupling is re-

established. When fitting the experimental spectrum, we found that including a small 

contribution from uncoupled isotope modes at 1593 cm-1 did improve the overall goodness 
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of fit (see comparison in Fig. S5) but could not be confidently assigned due to significant 

overlap with the intense coupled peak. Nevertheless, we can conclude that AcKFE8 

adopts both N-exposed and C-exposed strand alignments whereas KFE8 adopts only the 

N-exposed alignment. Although this is in general agreement with the MD simulations (24, 

25), it contradicts their final conclusion that the purely N-exposed double helical structure 

was more likely. Instead, AcKFE8 adopts the structure determined to be less energetically 

favorable in the second study (25), a double helix comprising both C-exposed and N-

exposed strand alignments. 

3.5. Conclusion 

N-terminal acetylation is a relatively minor variation in primary sequence that 

drastically changes morphology and functionality. Although the acetylated and non-

acetylated variants generated nearly identical spectra in unlabeled 2D IR spectroscopy 

studies, site-specific isotope labeling revealed multiple β-sheet configurations within the 

seemingly homogenous aggregates formed by AcKFE8. In combination with TDC 

calculations of model antiparallel β-sheets, we show the unique twisted ribbon 

morphology in AcKFE8 arises from the formation of two β-sheets with different strand 

registers. In contrast, the unacetylated variant KFE8 only adopts a single β-strand 

alignment and forms flat ribbons. We hypothesize that KFE8 must maintain an N-exposed 

strand alignment to allow for solvent stabilization of the charged N-terminus. Acetylation 

eliminates this N-terminal charge, loosening the constraints on strand alignment and 

allowing either the N- or C-terminus to be exposed to solvent. These results increase our 

understanding of how changes in linear sequence directly affect peptide secondary 

structure. Our approach can be applied readily to the systematic study of a broad range 

of sequence variations, including those that occur naturally as post-translational 

modifications or the mutations associated with different phenotypes in amyloid disease 
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(69, 70). A better link between primary sequence and structure will aid both the 

understanding of human disease and the rational design of protein biomaterials using 

self-assembling peptides. 
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Chapter 4 

Label-free detection of β-sheet polymorphism using 2D IR spectroscopy 

4.1. Abstract 

The ability to detect and characterize multiple secondary structures or polymorphs within 

peptide and protein aggregates is crucial to treatment and prevention of amyloidogenic 

diseases, production of novel, biomaterials, and many other applications. Here I report a label-

free method to distinguish multiple β-sheet configurations within a single peptide aggregate 

using two-dimensional infrared spectroscopy. By calculating the transition dipole strength 

(TDS) spectrum from the ratio of linear and two-dimensional signals, we can extract maximum 

TDS values which provide higher sensitivity to vibrational coupling, and thus specifics of 

protein structure, than vibrational frequency alone. TDS spectra of AcKFE8 aggregates reveal 

two distinct β-sheet structures within fibers that appear homogeneous by other techniques. 

Furthermore, TDS spectra taken during early stages of aggregation show additional peaks 

that may indicate the presence of more weakly coupled β-sheet structures. These results 

demonstrate a unique and powerful spectroscopic method capable of distinguishing multiple 

oligomeric and polymorphic motifs throughout the aggregation using only native vibrational 

modes. 

4.2. Introduction 

Understanding how peptides and proteins assemble into aggregated structures is critical 

to research areas ranging from medicine to biomaterials. For example, the uncontrolled 

misfolding of proteins into amyloid fibrils, extended β-sheet structures that stack and twist 

along the fibrillar axis, is associated with wide range of human diseases, including Alzheimer’s 

disease, Parkinson’s disease, and type II diabetes(1–6). These fibrils exhibit a high degree of 

heterogeneity, even when formed from identical protein sequences, and the polymorphs can 

have widely varying levels of cytotoxicity (6–8). The development of effective therapeutics 

relies on finding specific inhibitors of each polymorph or species common to all polymorphic 
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species. To further complicate drug design, increasing evidence indicates that prefibrillar 

oligomers, not the final amyloid fibrils, constitute the toxic species in many amyloid diseases(9, 

10).Both on-pathway and off-pathway oligomers can form, creating a highly heterogeneous 

mixture of structures at early stages of aggregation(11–15). Thus, therapeutic routes rely on 

identifying early-stage polymorphic oligomers and understanding their mechanisms of 

aggregation. Furthermore, the ability to experimentally probe the formation of peptide and 

protein aggregates is required both to facilitate the rational design of new protein biomaterials 

and to validate structural predictions from computational methods(16–18). Standard 

techniques such as X-ray crystallography and solid-state nuclear magnetic resonance 

(NMR)(19, 20) require single aggregate morphologies to be isolated. These static techniques 

yield high structural detail but often miss shortlived oligomeric species and provide limited 

information about aggregation pathways(21–23). Common optical techniques for elucidating 

oligomer structures and aggregation kinetics involve labeling the monomers with site-specific 

tags such as spin labels or fluorescent dyes(3, 24). However, these bulky probes can 

potentially perturb the aggregation pathways, skewing the resulting structural and kinetic 

information. Two-dimensional infrared (2D IR) spectroscopy allows for characterization of 

protein structures based on the frequency of the backbone amide I′ modes- different 

secondary structures produce different vibrational couplings between the backbone amides, 

resulting in characteristic frequency shifts(25). Site-specific isotope labeling of the backbone 

carbonyls with 13C and/or 18O enables residue-level structural resolution, allowing oligomers 

and polymorphs to be characterized without perturbing the aggregation pathway(7, 26–29). 

While 2D IR spectroscopy of isotope labeled samples is exquisitely sensitive to molecular 

structure, some knowledge of potential aggregate structures, from either molecular modeling 

or other experimental techniques, is required to design isotope labeling schemes efficiently 

as distinct spectral signatures only arise when the labels come into close proximity(30). 

Sophisticated molecular dynamics techniques (replica exchange, umbrella sampling, 
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metadynamics, etc.) with explicit solvent are generally required to sample the full configuration 

space of protein aggregation pathways, representing a significant computational expense(31–

33). This emphasizes the need for experimental methods capable of detecting polymorphism 

in peptides, particularly during early aggregation. Here, we demonstrate a label-free method 

for detecting polymorphic secondary structures throughout the aggregation process by 

calculating transition dipole strength (TDS) spectra.  

4.3. Methods and materials 

4.3.1. Sample Preparation 

Purified peptide was dissolved in deuterated hexafluoroisopropanol (dHFIP, 98% 

enriched) at 1 mM and allowed to sit overnight to ensure the peptide was completely 

disaggregated. The d-HFIP was removed via lyophilization and dry protein stored at -80 

⁰C. 2D IR samples were prepared by dissolving the lyophilized protein in unbuffered D2O 

(Cambridge Isotope Laboratories, Tewksbury, MA, USA).  at a final concentration of 1 mM 

and pD of ~3, as previously reported.1 5 µL of peptide solution was placed between two 

CaF2 windows (Crystran, Poole, Dorset, UK) separated by a 50 µ72m Teflon spacer. 

4.3.2. 2D IR spectroscopy experimental setup 

The 2D IR system has been described in detail previously(29). Briefly, the system 

consists of TOPAS-prime optical parametric amplifier pumped by a Solstice Ace 

(SpectraPhysics, Milpitas, CA, USA). Difference frequency generation is used to produce 

mid-IR light (6100 µm, 25 µJ, 1 kHz, 70 fs). 2D IR spectra were collected using a parallel 

(ZZZZ) beam polarization in a 2DQuick IR spectrometer (PhaseTech Spectroscopy, 

Madison, WI, USA). QuickControl software provided by Phasetech was used to collect 

data by scanning the delay between pump pulses from 0-2.54 ps in 23.8 fs steps, while 

the waiting time between pump and probe was 0 fs. Signal was collected with a 
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monochromator (Princeton Instruments, Trinton, NJ) and mercury cadmium telluride focal-

plane array detector (PhaseTech Spectroscopy, Madison, WI, USA), which can achieve a 

spectral resolution of 2.1 cm-1. All data processing used custom MATLAB scripts.   

4.3.3. Transition dipole strength spectra calculation 

The mathematical formalism for calculating actual TDS spectra using 2D IR 

spectroscopy has been described in detail previously by Zanni and collaborators.2–4 The 

pump-probe geometry used for this study allows both two-dimensional and linear infrared 

spectra to be obtained simultaneously. The sample ΔOD is extracted directly from the 2D 

IR spectrum by taking the diagonal slice. The OD is calculated by collecting the probe 

transmission spectrum from laser shots when the pump is off for both the sample and the 

blank buffer, according to equation 4.1.  

𝑂𝑂𝑂𝑂 =  −𝑙𝑙𝑙𝑙𝑙𝑙�
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏
� 4.1 

Generally, the OD spectrum must be baseline corrected using a second-order polynomial 

fit. OD and ΔOD spectra were also obtained for a L-serine (Alfa Aesar, Ward Hill, MA, 

USA), which served as the calibrant molecule for this study.  Only the OD and ΔOD values 

at the peak maximum (ωmax) of the calibrant are required to scale the TDS spectrum for 

the sample, which is calculated according to equation 4.2. 

𝑑𝑑(𝜔𝜔) =  

∆𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔,𝜔𝜔)
𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔)

∆𝑂𝑂𝑂𝑂𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑏𝑏𝑏𝑏𝑠𝑠𝑐𝑐𝑐𝑐(𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚,𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚)
𝑂𝑂𝑂𝑂𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑏𝑏𝑏𝑏𝑠𝑠𝑐𝑐𝑐𝑐(𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚)

 4.2 

 Note that the spectrum is also scaled by 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, the pump spectrum, to ensure that the 

measurement is frequency independent.  In general, the TDS spectrum should be non-

negative across the full spectral window and the baseline should approach 0 on either 

side of the sample peak. However, noise in the baseline of either the OD or ΔOD spectrum 
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can create negative dips in the TDS baseline. As long as these remain small (< 5% of the 

peak maximum) and the overall baseline remains near 0, such dips should not affect 

analysis of the TDS magnitudes. 

4.4. Results and discussion 

Most infrared studies of proteins rely on analyzing the frequency shifts that arise from 

vibrational coupling between amide groups. However, such coupling also redistributes 

oscillator strengths, a process known as vibrational delocalization, and leads to changes in 

the TDS of the amide I′ mode. The TDS of a vibrational mode is directly related to its 

extinction coefficient and has been shown to be sensitive to variations in coupling that do not 

cause measurable frequency shifts(34–36). For example, disordered peptides generally 

absorb around 1645 cm−1, which corresponds to the native amide I′ vibrational frequency. 

Depending on their local environment, α-helices absorb between 1635 and 1655 cm−1 and 

thus, due to significant spectral overlap, can be difficult to distinguish from disordered 

structures by frequency alone(34, 35). Yet, the highly ordered hydrogen-bonding network in 

α-helices brings the individual backbone amide groups into close enough proximity to couple. 

This coupling causes the amide I′ mode to delocalize over multiple amide units. As TDS 

scales linearly with vibrational delocalization, this leads to an overall increase in the TDS of 

the amide I′ mode compared to that of a disordered protein. The extent of vibrational 

delocalization is affected by a number of factors, including the peptide/ aggregate size, the 

overall secondary structure, and the amount of structural disorder(37–39). Thus, if we can 

accurately measure TDS, we can gain unique insight into protein structure that is not possible 

from simple frequency analysis. 
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Figure 4.1. (top) N-terminal (blue) and C-terminal (green) exposed β-strand alignments 

proposed for KFE8 and AcKFE8 aggregates, with the isotope-labeled Phe-5 residue highlighted 

in yellow. (bottom) 2D IR traces of KFE8 (A) and AcKFE8 (B) labeled at Phe-5, with Gaussian 

fits highlighting peaks arising from Phe-5 within the N-terminal (blue) and C-terminal (green) 

exposed β-sheets. Reproduced with permission from ref 29. Copyright 2022 Elsevier. 

While linear absorption techniques such as FTIR can be used to measure TDS under certain 

conditions, as in the case of uncoupled vibrational modes or coupled modes that are 

spectrally well-resolved, FTIR is largely insensitive to TDS in cases where the vibrational 

couplings are smaller than the line widths(34). This insensitivity arises because the integrated 

area of an absorption spectrum is conserved even when coupling causes vibrational 

delocalization(30). In contrast, nonlinear spectroscopies such as 2D IR are highly sensitive 

to TDS because the integrated area increases with increased vibrational delocalization, 

whether the coupling also results in a frequency shift or not(34, 35). Yet, extracting TDS 

values from 2D IR spectroscopy alone is challenging because, in accordance with Beer’s 

law, both the beam overlap volume and sample concentration must be known. The latter can 

be particularly difficult to define in samples that are intrinsically heterogeneous, such as 

protein aggregates. Instead, 1D and 2D IR spectra can be collected simultaneously in the 

pump−probe geometry and their ratio used to determine TDS independent of sample 
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concentration and other experimental variables. This approach has been described 

previously (34, 35) and an example calculation is given in Appendix 2. 

Because of its increased sensitivity to specifics of vibrational coupling, and thus peptide 

structure, TDS spectra can detect the presence of distinct aggregate structures that may be 

hidden within 1D and 2D IR spectra due to overlap in frequency. To demonstrate this ability, 

we examine the KFE8 family of amphiphilic octapeptides as a model of polymorphism. 

Previously, we showed that AcKFE8 (COCH3- FKFEFKFE-NH2) aggregates contain two 

distinct β-sheet arrangements while KFE8 (NH2-FKFEFKFE-NH2) aggregates comprise only 

one β-sheet arrangement despite differing by only a single acetyl group at the N-terminus 

(29). Spectra of unlabeled AcKFE8 and KFE8 were identical; the differing strand alignments 

became apparent only when site-specific 13C18O labels were incorporated, yielding two 

isotope labeled modes consistent with two distinct antiparallel β-sheets differing only in 

alignment of their strands (Figure 4.1). While KFE8 and AcKFE8 both form β-sheets in which 

the N-terminus is solvent-exposed, the acetylated variant also forms β-sheets in which the 

β-strand register shifts by two residues to expose the C-terminus to solvent. Subtle variations 

in β-sheet alignment can alter the nearest-neighbor and interstrand couplings between 

residues, thus affecting the delocalization of amide I′ modes. Given that TDS is more 

sensitive than the vibrational frequency to such differences, TDS spectra of KFE8 and 

AcKFE8 aggregates should be able to detect the two β-sheet alignments even in unlabeled 

samples. 
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Figure 4.2: TDS spectra (red) and 2D IR linear traces (black) of KFE8 (A) and AcKFE8 (B) 

after 24 h of aggregation. 

In Figure 4.2, we overlay 2D IR linear traces (black) calculated via the pump slice amplitude 

method with the corresponding calculated TDS spectra (red) for KFE8 and AcKFE8 after 24 

hours of aggregation. While the linear slices are nearly identical for both variants, the TDS 

spectra differ considerably. The TDS spectrum of KFE8 closely matches the linear spectrum 

with a single peak at 1621 cm−1 (Figure 4.2A). The TDS value for a single, uncoupled amide 

I′ mode is 0.12 D2,(34) which we confirmed by measuring TDS spectra of fully disaggregated 

KFE8 and AcKFE8 (Figure S1.6). Thus, the maximum TDS value of 0.48 D2 observed for 

KFE8 corresponds to delocalization across at least four β-strands. While this number may 

seem low, as peptide fibrils comprise thousands of β-strands and extend to micrometers in 

length, both structural disorder and solvent dynamics can decrease delocalization. For 

example, TDS measurements of amyloid fibrils have shown delocalization to vary from 4 to 

12 strands even for the same peptide sequence.(36) 

In contrast, TDS spectra reveal two distinct peaks underlying the vibrational transition for 

AcKFE8 (Figure 4.2B). The lower frequency peak at 1621 cm−1 matches that observed for 

KFE8, while a unique peak appears at 1625 cm−1. On the basis of both the higher frequency 

and the lower magnitude of this peak, we can conclude that it represents a β-sheet 

configuration with weaker coupling than the 1621 cm−1 peak. By comparison with the data 

from the isotope-labeled experiments shown in Figure 4.1, we can assign the TDS peak at  
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Figure 4.3: Second derivative spectra calculated from 2D IR linear traces. KFE8 after 5 minutes 

(A), 6 hours (B), and 24 hours (C) of aggregation and AcKFE8 after 5 minutes (D), 6 hours (E), 

and 24 hours (F). Only a single peak at 1620 cm-1 is present in both KFE8 and AcKFE8 at all 

timepoints. Dashed red lines are used to highlight the consistency of the peak frequency 

between samples. 

1625 cm−1 present only in AcKFE8 to β-sheets in which the strands are aligned to expose 

the C-terminus to solvent (Figure 4.1, green), while the TDS peak present at 1621 cm−1 in 

both variants arises from β-sheets in which the strands are aligned to expose the N-terminus 

(Figure 4.1, blue).Beyond detecting the distinct β-strand alignments present in the final 

aggregates, TDS spectra reveal additional β-sheet polymorphism in AcKFE8 during early 

stages of aggregation. While the 2D IR linear traces of AcKFE8 are identical at all time points 

measured (Figure S1.7), TDS spectra exhibit two additional shoulders at early aggregation 

times that are not readily apparent after 24 h (Figures 4.3 and S1.8). No such shoulders are 

observed in the TDS spectra of KFE8 (Figure S1.9), which remains relatively constant across 

all time points. As these local maxima are closely spaced, second-derivative spectra were  
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calculated to confirm the presence of multiple peaks in the TDS spectra(40). For KFE8, a 

single distinct minimum was observed at 1620 cm−1 in the second-derivative spectra of both 

the 2D IR (Figure 4.3A−C) and TDS traces (Figure 4.4A−C), confirming that KFE8 comprises 

only a single β-sheet configuration. While AcKFE8 similarly exhibits a single minimum in the 

2D IR second-derivative spectra (Figure 4.3D−F), multiple minima appear within the second-

derivative spectra calculated from the TDS traces (Figure 4.4D−F). These confirm the 

existence of two TDS peaks at 1620 and 1625 cm−1 after 24 h as well as peaks at 1615 and 

1629 cm−1 at earlier times 

 

 

Figure 4.4: Second derivative spectra of the calculated TDS traces. KFE8 after 5 minutes (A), 

6 hours (B), and 24 hours (C) of aggregation exhibits a consistent single peak at 1620 cm-1. 

AcKFE8 after 5 minutes (D) and 6 hours (E) exhibits four peaks at 1615, 1620, 1625, and 1629 

cm-1, while only the 1620 and 1625 cm-1 peaks persist after 24 hours (F). Dashed red lines are 

used to highlight peak positions in each sample. 
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To further aid analysis of the overlapping peaks, TDS spectra of AcKFE8 were fit to a sum 

of four Gaussian functions (Figure 4.5). Fit line widths were kept constant between time 

points, and the center frequencies were constrained to the spectral window of 1610−1635 

cm−1. Ultimately, all spectra were best fit with Gaussians centered at 1615, 1620, 1625, and 

1529 cm−1. These fits reveal that the TDS features at 1615 and 1629 cm−1 may, in fact, be 

present in the final aggregate, although they were not apparent in the second-derivative 

spectra but are overshadowed by the stronger features at 1620 and 1625 cm−1. The presence 

of four peaks suggests that AcKFE8 residues experience four distinct sets of average β-

sheet couplings. 

From isotope labeling (Figure 4.1), we know that two of these correspond to β-sheets with 

different strand registers that comprise the double-helical morphology of AcKFE8(29). As the 

other two cannot be differentiated with isotope labeling scheme used previously, they may 

represent similar strand alignments with subtle variations in structure, such as different 

degrees of rotation between strands. As aggregation progresses, the intensities of the TDS 

peaks at 1620 and 1625 cm−1 increase to final values of 0.40 and 0.36 D2, respectively, while 

 

Figure 4.5: TDS of AcKFE8 after 5 min (A), 6 h (B), and 24 h (C) of aggregation. TDS (black) 

are fit to a sum of four Gaussian functions (red dotted). Individual Gaussian contributions 

centered at 1615 cm−1 (purple), 1620 cm−1 (blue), 1625 cm−1 (green), and 1629 cm−1 (orange) 

are shown. 
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the 1615 and 1629 cm−1 peaks remain fairly consistent or decrease slightly to final values of 

0.17 and 0.16 D2, respectively. It is critical to remember that TDS peak intensities do not 

report population; by taking the ratio of 1D and 2D IR spectra, any concentration dependence 

is removed(34, 35). Instead, the TDS maxima correspond to the extent of vibrational coupling 

and delocalization. Thus, the β-sheet structures represented by the 1620 and 1625 cm−1 

peaks become more organized over time, and the corresponding amide I′ modes ultimately 

delocalize over at least three strands, while the 1615 and 1629 cm−1 structures exhibit 

delocalization over less than two strands and become less organized or even disappear 

entirely. 

4.5. Conclusion 

As shown here, TDS spectra serve as a remarkably sensitive tool capable of detecting 

small variations in protein structure without the need for special probes or vibrational labels. 

This ability greatly facilitates the application of IR spectroscopy to large, complex aggregates 

which can be expensive to model computationally and difficult to study by traditional 

biophysical methods. Once the presence of multiple TDS peaks identifies the existence of 

distinct structural elements, isotopes or other vibrational labels can be used to resolve these 

structures at the single-residue level. Additionally, TDS spectra can be obtained with the 

same temporal resolution as standard 2D IR spectra, enabling the detection of oligomeric 

species during early stages of aggregation. Such an approach could be invaluable in 

distinguishing the multitude of on- and off-pathway oligomers believed to be responsible for 

cytotoxicity in amyloid disease(9–15). Beyond protein aggregates, native peptides and 

proteins contain an array of secondary structures, including β-sheets, α-helices, 3,10-helices, 

and disordered regions. Each secondary structure will have a distinct set of vibrational 

couplings, yet IR frequency alone is often insufficient to distinguish various helical and coiled 

structures. As TDS is more sensitive to variations in coupling than frequency alone,(34–36) 
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TDS spectra will allow such mixtures to be resolved. Thus, TDS spectra be used to efficiently 

characterize protein secondary structure, screen protein aggregates for the existence of 

polymorphic structures, and aid the rational design of both peptide biomaterials and 

aggregation inhibitors by providing insights into the aggregation mechanism. 
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Chapter 5 

Investigating the aggregation of amyloid precursor protein secretions using 2D IR 

5.1. Abstract 

The amyloid precursor protein has been the target of many drug inhibitor studies 

as APP is the immediate precursor of the β-carboxyl terminal fragment (C99) 

transmembrane protein and therein, the precursor to the amyloid beta polypeptides. 

Amyloid beta (Aβ42) and other derivative amyloidogenic proteins are key factors in 

causing neurogenerative diseases such as Alzheimer’s and Parkinson’s Disease. As the 

amyloid beta polypeptides are the active substrate in these diseases, it is equally critical 

to understand the aggregation of the C99 transmembrane protein in lipid rich 

environments. Here, I use 2D IR spectroscopy to elucidate the variation of secondary 

structures induced by lipid micelles in C99. Additionally, I also analyze the effects of a 

prescreened small molecule inhibitor on C99 aggregation. Current research also 

suggests curtain off-pathway oligomer species caused by lysine acetylation may be more 

cytotoxic than the final aggregates. In this work, I use two-dimensional infrared (2D IR) 

spectroscopy to study the aggregation kinetics of the wild type Aβ42, Aβ42-K16, and Aβ 

42-KKAc analyzing the variation in oligomers species contributing to the level of toxicity. 

5.2. Introduction 

The amyloid precursor protein (APP) gene residues in a small gene family including 

the human genes APLP1 and APLP2, Appl in flys, and apl-1 in worms(1). While each of 

these genes encodes a membrane protein composed of a large extracellular domain and 

a short cytoplasmic region, only the APP gene yields the amyloid beta (Aβ) domain. In 

order to produce the Aβ polypeptides, nearly the entire ectodomain is removed via a β or 

α-secretion. This results in the α- or β-carboxyl terminal fragment (CTF or C99) tether to 

the membrane(2).  The β-CTF protein then undergoes a γ-secretase cleavage to yield 

the neurodegenerative Aβ polypeptide (40, 42, and 43) while the α-CTF produces the p3 
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protein through the same cleavage process(3). Although APP has been assigned several 

physiological roles, the actual function of APP remains convoluted and unclear. Here, I 

focus on the two main secretion productions, C99 and amyloid beta 42 (Aβ42). 

5.2.1. β-carboxyl terminal fragment 

The transmembrane β-carboxyl terminal fragment, also known as the C99 protein, 

has long been associated with the onset of Alzheimer's disease(4). The C99 

fragment is composed of the 99 C-terminal residues (672-770) from APP. As both 

C99 and APP are integral parts of the membrane lipid bilayer, it is critical to 

understand the folding mechanism and structures in the presence of lipids(2, 4–7). 

Previous 2D NMR studies by Dr. James Hutchison in the Sanders research group at 

Vanderbilt medical school revealed monomeric C99 is composed of a disordered N-

terminus with a membrane associated α-helix and a flexible loop structure on the N-

terminal extracellular space(2). Following a helical transmembrane domain, C99 

forms a disordered intracellular loop and a membrane associated α-helix. This 

monomeric structure was formed in the presence of anionic lyso-myristoyl-

phosphatidylglycerol (LMPG) lipid micelles. While the monomeric structure was 

elucidated, the aggregated structures were not revealed nor were any structural 

effects elucidated from varying concentrations of lipid micelles. Here, I use 2D IR 

spectroscopy to analyze the effects of the lipid concentration in a collaborative effect.  

As C99 is the direct precursor for Aβ42, the Sanders group have aimed to inhibit 

the γ-secretion resulting in the amyloid beta polypeptide production. To this end, a 

host of small molecule binding candidates were screened through molecular 

dynamics simulations. N-(pyridine-3-ylmethyl)aniline (VUx96) was found to induce 

significant structural change in 2D NOESY analysis conducted by Manuel Castro of 

the Sanders lab. To further probe the changes induced in secondary structure, I 
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employ 2D IR spectroscopy to analyze C99, as well at the truncated derivatives C74 

and C55, bond to varying concentrations of VUx96.  

5.2.2. Amyloid beta polypeptide 42 

Recent studies regarding Aβ polypeptide’s role in Alzheimer’s disease (AD) has 

taken two major directives. The first is analyzing the aggregate structures formed 

under the separate aggregation pathways. The other involves probing the 

functionality of the different aggregates within the brain. To design inhibitors and drug 

receptors, the first directive holds the most interest. However, aggregation pathways 

are inherently complex and only increase in complexity due to the amyloidogenic 

nature of Aβ. The aggregation pathway is capable of producing multiple oligomeric 

species yielding protofibrils and amyloid fibrils(8–11). This study focuses on the most 

dominant species of Aβ polypeptide peptides responsible for the plaques in the brain 

(Aβ42). It has been previously shown that the cytotoxicity of Aβ42 is directly linked 

to the aggregate structure(12). In addition to the multiple species produced from the 

γ-secretase (Aβ39-Aβ43), the Aβ family of proteins are susceptible to common post-

translation modification such as phosphorylation and acetylation(12–14). Acetylation 

has gained interest as it has been shown to have vital function in DNA repair, cellular 

signaling, and protein aggregation and self-assembly(15). Acetylation has already 

been identified as a new therapeutic target in the Tau protein, another protein 

proposed to cause AD(16). Aβ42 can be acetylation at two positions, the lysine 16 

and lysine 28 positions. The lysine 28 residue has been shown to form a salt bridge 

between residues A42 or D23 which stabilizes the amyloid fibrils. Adhikari et al. 

showed by acetylating the K16 and both K16 and K28 (KKAc) positions, the fibril 

structures did not form, Instead the aggregate structures became largely amorphous 

however, the cytotoxic of both lysine variants increased significantly(12). While the 

supramolecular morphologies were clearly different there is little known about how 
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the acetylation changes the secondary structure composition during self-assembly. 

In this study, I use 2D IR spectroscopy to establish aggregation kinetics of Aβ42 and 

acetylated mutations demonstrating the vast effects of small changes in primary 

sequence to amyloidogenic protein oligomer formation and aggregation kinetics 

5.3. Methods and Materials 

5.3.1. C99 sample preparation 

Stock solutions of C99 (200 μM), C74 (200 μM), C55 (180 μM), VUx96 (200 

mM), buffer (25 mM NaPO4 75 mM NaCl) and deuterated 20% lyso-myristoyl-

phosphatidylglycerol (LMPG) were provided by the Sanders lab. All experiments 

were conducted at final concentrations of 75 μM protein, 6.25% detergent, and 5% 

deuterated DMSO with varying amounts of VUx96: 10 mM, 4 mM, and 2 mM. Blank 

samples were prepared under the same conditions while withholding the 

respective protein to maintain the same level of VUx96/DMSO and detergent. 

Using our custom Matlab script, absorption spectra of the blank background 

samples were subtracted from the protein containing samples to enhance the 

protein absorption region (1590-1690 cm-1). All spectra were internally normalized 

to ensure equal scaling. 

5.3.2. Aβ42 sample preparation 

Wild type (WT) Aβ42, Aβ42-K16Ac (K16), and Aβ42-K16AcK28Ac (KKAc) 

were synthesized via microwave assisted solid phase synthesis and purified via  

size exclusion chromatography as described in chapter 2. Aliquots were fully 

dissolved in hexafluroisopropanol (HFIP) and let sit at RT overnight to ensure the 

highest degree of de-aggregation. The aliquots were lyophilized for at least 24 

hours to ensure all HFIP was removed. All Aβ42 and acetylated variant 

experiments were conducted at a final concentration of 150 µM in 20 mM 

deuterated sodium phosphate buffer at 7.4 pH. 
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5.3.3. 2D IR spectroscopy 

A detail description of 2D IR data collection and processing methods are 

described elsewhere (17). Briefly, 800 nm pulses (1 kHz, 60fs, 7mJ) were 

generated by a single box ultrafast amplifier (Solstice, SpectraPhysics, Milpitas, 

CA, USA). A 50/50 beamsplitter was used to direct half of the beam to pump an 

optical parametric amplifier with difference frequency generation (TOPAS, 

SpectraPhysics, Milpitas, CA, USA). The resulting mid-IR light (6100 nm, 1 kHz, 

70 fs, 25 µJ) was directed into the 2D IR spectrometer (2DQuick IR, PhaseTech 

Spectroscopy, Madison, WI, USA). In the spectrometer, the mid-IR light is split into 

pump (90%) and probe (10%) beams. The pump beam was passed through a 

germanium acousto-optic modulator (Ge AOM) pulse-shaper to generate pairs of 

pump pulses with varying time delays between them. The pump and probe pulses 

were overlapped at the sample to generate the signal. The signal was directed into 

a monochromator (Princeton Instruments, Trinton, NJ) and dispersed onto a 

mercury cadmium telluride focal-plane array (FPA) detector (PhaseTech 

Spectroscopy, Madison, WI, USA). The data was collected using the QuickControl 

software provided by PhaseTech and processed using custom MATLAB scripts. 

The FPA detector was calibrated daily was a 4-nitrobenzaldehyde (4NBA, 500 mM 

in toluene) standard. 4NBA absorbs at 1535 cm-1, 1605 cm-1, and 1711 cm-1, which 

spans the isotope and amide I’ spectral regions. Samples were measured by 

placing 5 µL of sample solution between two CaF2 windows (Crystran, Poole, 

Dorset, UK) separated by a 50 µm Teflon spacer.  All experiments were conducted 

at room temperature. 

5.4. Results and Discussion 

5.4.1. Lipid micelle concentrations effects on C99 aggregation 
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Figure 5.1: 2D IR contour maps of 150 µM C99 containing 10% LMPG detergent (A) and 0.08% 

LMPG detergent (B) show the fundamental and overtone absorption as well as the lineshapes 

variation due to the increase in detergent.  The linear traces through the dashed line (C) yield 

a more direct comparison of the amide I’ absorbance.  

C99 samples containing 10% of the LMPG detergent were shown to absorb at two 

frequencies denoting the presence of two distinct amide I’ modes. The amide I’ 

absorptions at 1656 cm-1 indicates α-helical secondary structure while the  

absorption at 1634 cm-1 indicates β-sheet structure characteristics (Figure 5.1 A 

and C)(18, 19). While the intensities look to be equally, this does not mean the 
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number of secondary structures is respectively equal within the same sample. 

However, there is a clear, strong conversion to β-sheet secondary structure as the 

detergent concentration decreases. At 0.08% detergent, the β-sheet absorption is 

slightly red shifted to 1630 cm-1 and appears more intense as the α-helical peak 

transition to a shoulder of the main β-sheet absorbance (Figure 5.1 B and C). Both 

lineshapes of both 2D IR peaks in each sample are broad pointing toward a 

heterogenous contribution of secondary structures and solvent interactions (Figure 

5.1A and B). Fraying of peptide aggregates toward the ends of structures is also 

likely to contribute the broadness of the peaks seen in the contour maps and linear 

trace(18, 20). To better understand how the lipid micelle concentration effects the 

secondary structures the LMPG concentration was varied from 0.08 to 10% wit a 

step at 0.325% LMPG while all other sample variables were held constant. The 

spectra were found to be nearly identical from 2 to 10% LMPG. However, 

significant differences in the ratio of the intensity of the β-sheet peak and α-helix 

peak were found around 1.5% LMPG. The β/α ratios were calculated by dividing 

the local maxima intensity of the β-sheet peak around 1630 cm-1 by the local 

maxima intensity α-helix peak around 1650 cm-1 generated the linear trace of the 

fundamental peak in each detergent dilution sample (Figure 5.2).  
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Figure 5.2: The ratio of β-sheet to α-helix intensity plotted as a function of the varied 

concentration of LMPG micelles.  

This revealed a critical detergent concentration to at approximately 0.45% LMPG 

(between 0.325 and 0.65%) denoted by the major step in intensities as the 

secondary structure convert.  

5.4.2. Structural effects of VUx96 on C99 

The vehicle sample (no VUx96) shows two distinct modes at 1632 cm-1 and 1650 

cm-1 indicative of both β-sheet and α-helical secondary structures, respectively, 

within the aggregate structure. As the VUx96 small molecule binds in large 

concentrations (10 mM), I observe each mode blue shifts in absorbance frequency 

by approximately 6 cm-1. While both secondary structures are still present, the blue 

shift to higher wavenumbers represents the weakening of coupling among the 

transition dipoles(21). The absorbance frequency is sensitive to the proximity of 

oscillators (backbone carbonyls) therefore the blue shifts can represent an increase 

in organizational heterogeneity among structures (22). It is difficult to predict the 
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actual structure change, however the weakened coupling is often related to 

increased  

 

Figure 5.3: 2D IR contour maps and corresponding linear traces reveal that VUx96 disrupts 

and inhibits the formation of C99 β-sheet morphologies by varying relative amounts of VUx96 

(A,E: no VUx96, B,F: 2 mM VUx96, C,G: 4 mM VUx96, D,H: 10 mM VUx96).  

distance between β-strands, decreased periodicity in α-helices and fraying at the end 

of structures. The intensity ratio of the two modes also shifts when associated to 

VUx96. The mode at 1556 cm-1 becomes more dominant in the spectra indicating 

VUx96 may be more disruptive to β-sheet structure than α-helices. This trend 

remains constant as the amount of VUx96 is decreased to 4 mM however the 

absorbance frequencies return closer to the values of the vehicle sample. This 

follows the theory of VUx96 being more perturbing to β-sheet structure as the ratio 

of the modes remains closer to the high VUx96 measurements. As the concentration 

of VUx96 is lowered further, the modes return to closely resemble the vehicle 

absorption. Therefore, the perturbation of C99 by VUx96 is largely concentration 

dependent with seemingly no meaningful perturbation below approximately 2 mM. 
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The truncated C99 (C74 and C55) were analyzed under the same condition as C99. 

Under most conditions, both C74 and C55 follow similar trends when exposed to 

VUx96 (appendix 1, Figure S1.10 and S1.11). In general, the 1630 cm-1 mode is 

more rigorous depleted indicating VUx96 is more perturbative/targeting to β-sheets. 

The mode at 1652 cm-1 representing α-helical structure is largely unperturbed. 

However, the mode does have a slight blue shift as well as spectral broadening. 

Spectral broadening mostly occurs from an increased range of oscillators 

experiencing different environment conditions(23). For example, embedded 

structures will have low rates of hydron bonding exchange while solvent exposed 

structure will have much higher rates. When structures have both embedded and 

exposed oscillators, the absorbance mode is broadened. While all spectra are 

normalized, VUx96 usually has the most intense absorption and therefore used for 

the standard value. However, VUx96 absorbance frequency change varies 

depending on the binding to protein, therefore some of the spectral subtraction look 

better than others. In almost as cases, the 10mM VUx96 samples are rough, 

particularly in the contour maps. This is largely due to the scattering of the light from 

the VUx96 molecules and the shifting absorption values. While possible work 

arounds include designing new polarization schemes or increased averaging, I 

wanted to keep condition equivalent over all spectra. Unfortunately, the native 

infrared spectra cannot be used to make quantified measurements of the amount of 

one structure vs the other. I am working on a method for measuring the transition 

dipole strengths of oscillators which is much more sensitive to the delocalization of 

the normal modes(24). These methods would allow for quantification (60% α-helix 

etc.). However, I wasn’t able to get accurate measurements for these sample largely 

due to other spectral contribution from the buffer and other components.  

5.4.3. Investigating the effects of acetylation on amyloid beta 42  
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I first monitored the changes in the secondary structure of Aβ42 as the protein folds 

from the disordered starting state to the fully aggregated state using 2D IR 

spectroscopy. The 2D contour maps immediately show variety of structural 

differences between the amyloid beta variants (Figure 5.4). The Aβ42-WT, previously 

reported to form amyloid fibrils demonstrates a narrow peak centered at 1630 cm-1 

which is common among β-sheets within amyloidogenic proteins(22). The elongated 

lineshapes of the fundamental and overtone peaks show a varying degree of solvent 

effects suggesting the core of fibrils may be shielding from the strong hydrogen 

bonding effects(25, 26). In contrast, the Aβ42-K16 species shows a very broad 

absorption mode. While the mode is much broader, it is still centered at 1630 cm-1 

indicative of amyloid β-sheet structures. Rather than ellipsoidal, the peak pairs 

appear more spherical in natural. With the aggregate shown to be largely amorphous, 

this suggests similar solvent effects throughout the structure. Such attributes are 

often seen in porous structures with solvent readily exchanging evenly. Finally, the 

Aβ42-KKAc species closely resembles the wild-type spectrum. While the overtone 

and fundamental peaks are similarly elongated, there is a noticeable shoulder around 

1645 cm-1 in the double acetylated variant. Such shoulders are indicative of mixed 

secondary structure populations with amyloidogenic β-sheets and α-helixes and/or 

disordered structures within the peptide ensemble(19, 22, 24). While this native 2D 

IR study reveals several structural characteristics, a more resolved picture is needed 

to draw specific conclusion. This increased resolution is gained with the incorporation 

of isotope labels. However, isotope labeling schemes are difficult to predict for 

amyloidogenic structure that may contain may different oligomer species. To further 

probe the unlabeled protein, I employ TDS calculations. As expected, the main TDS 

peak is centered at the β-sheet frequency similar to the vibrational frequency shown 
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above. However, the TDS intensity of this peak decreases as the degree of 

acetylation  

 

Figure 5.4: 2D IR contour maps and corresponding linear traces (black) and calculated TDS 

(red) of Aβ42-WT (A and D), Aβ42-K16 (B and E), and Aβ-KKAc (C and F) after 6 hours of 

aggregation. Aggregation kinetics are shown by plotted the intensity of the predominant β-sheet 

signal over time for Aβ42-WT (G), Aβ42-K16 (H) and Aβ42-KKAc (I).  
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increases. More specifically, the TDS is halved for every lysine that is acetylated.   

The wild-type TDS is shown to be approximately 2.8 D2 while the K16 variant 

decreases to 1.6 D2 and lastly the KKAc species decreases to 0.8 D2. This systematic 

decrease in coupling strengths suggests that the acetylation is significantly hinder 

the vibrationally coupling by disrupting the surface over which the coupling can 

delocalize.  

In addition to probing structure, 2D IR spectroscopy is also capable of analyzing 

the aggregation kinetics. The aggregation kinetics were tracked by plotting the 

intensity of the most prominent structural peak over the total aggregation before an 

equilibrium was reached noting the end of aggregation (Figure 5.4). I chose to 

monitor the 1630 cm-1 corresponding to the amyloid β-sheet structures. All three 

variants were imaged via electron microscopy under the same conditions mentioned 

above to track the larger scale changes in supramolecular morphologies due to the 

acetylation of the lysine side chains. It is important these results are preliminary and 

are not a complete assessment of the full kinetic timeline. Ideally, the starting points 

of these graphs would have more lag phase (remain at the same intensity before 

increasing) to ensure the protein is in a completely disordered state(20, 27). As both 

the Aβ42-WT and Aβ42-K16 species begin to immediately increase in intensity, a 

fully disordered/disaggregated starting monomer state cannot be guaranteed. 

5.5. Conclusion 

This chapter demonstrates the wide applicability and novel insights provided by 

2D IR spectroscopy in complex macro biomolecules ensembles beyond the detailed 

insights of model peptides. When studying amyloidogenic protein systems such as C99 

and Aβ42, it is critical to understand a complete picture of aggregation from a true 

monomer state to the intermediate and fully aggregated structure. Finding the true 

monomeric starting states is the next major hurdle to solve in protein spectroscopy. Since 
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the lifetimes of monomeric species are often incredibly fast, the sub-picosecond temporal 

resolution of 2D IR spectroscopy will serve as an excellent analysis method in future work. 

This work also demonstrates to the ability to analyze different types of biomolecules within 

the same aggregation ensembles. 
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Chapter 6 

Summary and Future Work 

6.1. Introduction 

In this chapter, I aim to summarize the key contributions and research advances I 

have made in my graduate career as well as possible future research directions. I have 

had the privilege to apply in-depth physical chemistry techniques to interdisciplinary 

science. Integrating results from 2D NMR, light scattering, and electron microscopy with 

rapidly progressing techniques in 2D IR spectroscopy has made for a fulfilling graduate 

career in the research I’ve completed over the last five and a half year.  

6.2. Investigating N-terminal acetylation on model amphiphilic peptides 

My first project, with the help of Daniel DeNeve, investigating how hydrophobic 

amino acid repeats in primary sequence effect peptide structure yielded limited results 

(results found in the thesis of Cpt. Daniel DeNeve). At this point, the project direction was 

shifted toward the effects of N-terminal acetylation. In my research, both AcKFE8 and 

KFE8 were extensively studied through TEM, DLS, 2D IR spectroscopy, and transition 

dipole coupling simulations. By incorporating isotope-labels in 2D IR spectroscopy, I was 

able to precisely detect alignments of the β-sheet arrangements to single-residue 

resolution(1). The use of computational simulations greatly increased our confidence 

levels in our labeling scheme design and overall results of this study. The COSMOSS 

matlab script used for the vibrational spectra simulations is available open access through 

Github and should be used in vibrational studies in the future. In many cases, the coding 

can be further improved to encapsulate a larger range of structures including complex 

protein structures exported from the PDB database. This capability would have major 

implications in future work within vibrational spectroscopy.  

In my research, I focused on the well-established AcKFE8 (COCH3-FKFEFKFE-

NH2) and the non-acetylated species KFE8 (NH2-FKFEFKFE-NH2). However, simply 
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shifting the amino acid sequence, such as in the sequence COCH3-KFEFKFEF-NH2, may 

have major implications on the self-assembly and structure (2–5). By having a charged 

residue (lysine) on the N-terminus, it would add the effects of electrostatics to changes 

already present caused by the N-terminal acetylation This would make for an interesting 

study to build off this work using largely established methodology.  

The Vanderbilt Institute of Nanoscale Science and Engineering (VINSE) is an 

incredible useful resource for progressing scientific research. VINSE is always looking to 

push the frontier of material research, including protein biomaterials. With the help of 

VINSE, I’ve established useful methods for analyzing peptide structures through light 

scattering and cryogenic electron microscopy. There is still great potential to utilize both 

atomic force and fluorescence microscopy within the VINSE cores to generate data to 

strengthen observations made with the optical IR spectroscopy.  

6.3. Probing amyloidogenic oligomers using transition dipole strengths 

In Chapter 4, I demonstrated the increased sensitivity provided by transition dipole 

strengths (TDS) compared to vibrational frequency alone. In addition to detecting the 

separate β-sheet stacking arrangements within AcKFE8, TDS calculations also suggest 

the presence of polymorphic β-sheet species previously hidden in the vibrational 

spectrum of AcKFE8(6). The annealing of the two major β-sheet arrangements yield 

coupling strengths that overshadow the absorption contributions of the minor species. 

While the sensitivity of TDS allows for the detection of polymorphs, it can not specify the 

exact structure of the β-sheet aggregates without information obtained from isotope-

labeled experiments. Theoretically, TDS values can be calculated for the isotope-labeled 

residue coupling as well(7, 8). Hoverer, as the isotope coupling strength is isolated to 

coupling across single residues, the intensity of the linear absorption is insufficient to 

distinguish signal from noise(9). While the pulse shaping implemented in our 2D IR 

experiments has many advantages, one disadvantages lies in only 5-10% of the beam is 
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being used in the probe path. As the probe is solely responsible for the linear absorbance 

spectra, the signal is often low distorting the linear absorbance. It may be possible that 

data acquired through 2D IR BOXCAR set-ups would increase the linear absorbance 

resolution providing enough signal to allow for these calculations(10).    

While TDS calculations showed the disruption of the coupling across the 

acetylated Aβ42 variant surface, I ideally would also like to use this same technique to 

calculate TDS values in C99 associated with detergent micelles. However, the LMPG 

detergent also absorbs in the amide I’ spectral region. To generate the 2D IR spectra of 

C99, LMPG spectra with the same concentration detergent and corresponding number 

of scans were subtracted from the C99/LMPG spectra. Therefore, TDS values that 

depend on the division of spectral values are assumed to be skewed and inaccurate. It 

may be possible to formalize a method to incorporate TDS calculations within subtracted 

spectra in future work.  

The variation in secondary structure within Aβ42 is obvious from the 2D IR 

spectroscopy results presented in chapter 5. In the next step in this research would be to 

design isotope labeling scheme to isolate the structural differences within Aβ42 with 

single residue resolution. Modeling different isotope labeling schemes through 

COSMOSS would provide a screening method for successful designs and preliminary 

simulation data.  

The ability to truly achieve a monomeric starting ensemble is equally important as 

probing the actual structure. I believe the concentration requirements (≥100 μM Aβ42) for 

sufficient signal detection in this research may have been too high for monomeric 

structures to survive for any observable timescales. To test this theory of concentration 

dependence, Thioflavin T fluorescence binding can be conducted to reveal an 

aggregation trend timeline and be further refined through 2D IR spectroscopy in the 

future(11–13). The insights provided by this work and future investigation will prove vital 
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in understanding the forces that drive self-assembly and aid in the design of protein 

biomaterials.  
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Appendix 1 

 

Supporting figures 

 
Figure A1.1: Transmission electron micrographs of AcKFE8 (top row) and KFE8 (bottom row) 

demonstrating that both helical (AcKFE8) and flat (KFE8) peptide ribbon morphologies are 

stable at 1 mM concentration in solution for up to a week.  
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Figure A1.2: 2D IR spectra and corresponding one dimensional trace calculated via pump slice 

amplitude analysis of AcKFE8 (left) and KFE8 (right). The vibrational frequency remains 

unchanged in both peptides over 24 hours. 

 

 
Figure A1.3: 2D IR spectra and pump slice amplitudes of AcKFE8 (left) and KFE8 (right) each 

containing a 13C18O label at residue F5. Although relative intensities change, frequencies 

remain constant over 24 hours. 
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Figure A1.4: Additional COSMOSS simulations performed to rule out certain β-sheet stacking 

arrangements. Flat β-sheet stacking arrangements with increased overhang of the N-terminus 

(A) or C-terminus (B) lead to a dramatic increase of random coil features that would be highly 

visible via FTIR and 2D IR. Experimental spectra do not exhibit these features, so these strand 

alignments were discarded as possible structures. Simulated spectra of the double N-exposed 

helix in which residues F3 and F5 have been labeled (C) reveal both two isotope peaks in which 

the uncoupled peak at 1594 cm-1 is more intense than the coupled peak at 1577 cm-1, which 

does not match the experimental spectrum of doubly labeled AcKFE8. 
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Figure A1.5: 2D IR contours and pump slice amplitudes of AcKFE8 doubly labeled at residues 

F3 and F5. The slices were fit to a sum of Gaussian functions, with the combined fit of the 

traces (dotted orange line) and fits for the unlabeled (purple) and 13C18O-labeled (green and 

blue) peaks plotted individually. A better fit is achieved by including contributions from both 

coupled and uncoupled 13C18O modes (A) rather than just a single coupled isotope mode (B).   

 

 
Figure A1.6: Calculated TDS spectra of KFE8 (A) and AcKFE8 (B) disaggregated in deuterated 

DMSO. The TDS values of both peptides match that of NMA 2, confirming that the amide I’ 

modes are fully decoupled and thus the peptides are completely disaggregated. The peak 

frequency is blue-shifted from the standard disordered amide I’ frequency of 1645 cm-1 to the 

solvatochromic effect of DMSO (1, 2). 
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Figure A1.7: 2D IR linear traces of KFE8 (top) and AcKFE8 (bottom) at each timepoint. 
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Figure A1.8: Calculated TDS spectra for three distinct samples of AcKFE8 after 5 minutes, 6 

hours, and 24 hours of aggregation. Four maxima at 1615 cm-1, 1621 cm-1, 1625 cm-1, and 1629 

cm-1 are reliably present at 5 minutes and 6 hours, while 1621 cm-1 and 1625 cm-1 features 

dominate after 24 hours. While the maximum TDS value for each feature differs slightly from 

sample to sample at early timepoints, indicating subtle differences in precise structure of the 

βsheets, 4 the 1621 cm-1 and 1625 cm-1 features consistently measure 0.43 D2 and 0.4 D2 after 

24 hours. 

 

 
Figure A1.9: Calculated TDS spectra for three distinct samples of KFE8 after 5 minutes, 6 

hours, and 24 hours of aggregation. The single peak is reproducible for all samples, with a 

maximum TDS of 0.49 ± 0.008 D2 at 1621 cm-1. 
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Figure A1.10: 2D IR contour maps and corresponding linear traces reveal that VUx96 disrupts 

and inhibits the formation of C74 β-sheet morphologies by varying relative amounts of VUx96 

(A,E: no VUx96, B,F: 2 mM VUx96, C,G: 4 mM VUx96, D,H: 10 mM VUx96). 

 

 
Figure A1.11: 2D IR contour maps and corresponding linear traces reveal that VUx96 

disrupts and inhibits the formation of C55 β-sheet morphologies by varying relative amounts 

of VUx96 (A,E: no VUx96, B,F: 2 mM VUx96, C,G: 4 mM VUx96, D,H: 10 mM VUx96). 
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Figure A1.12: Cryo-SEM images of Aβ42-WT amyloid fibrils (A) and the amorphous 

undefined structures of Aβ42-K16 and Aβ42-KKAc 
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Appendix 2 

Example TDS calculation of AcKFE8 with steps 

1. 2D IR spectra composed of the same number of scans (I usually use 20 scans) should be 

obtained from the protein sample, the calibrant, and blank solutions of the buffer systems 

used for the protein and calibrant molecules. Here, both the protein and calibrant solvent 

is D2O.  

 
Figure A2.1: Averaged voltage measurements from the array detector of AcKFE8 (red), L-

Serine (blue), and D2O (green) 

2. The diagonal should be set through the center of the fundamental peak(s) as accurately 

as possible for both protein sample and calibrant. It is important to use the same slope 

and intercept values for the corresponding buffer scan.  

3. Save the following variables as a .mat from the LEB_V2 matlab code: “pumpFreqs”, 

“probeFreqs”, “pumpRange”, “probeRange”, “linear”, and “sliceNeg” 

4. Insert the .mat file name and path into the TDS code and load the data (TDS_V6_clean is 

currently the best code) 
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5. The “linear” variable is the voltage readings of 5 scans that are averaged into the 

avg_linear variable (Figure A2.1) and interpolated across the probeFreqs to match the 

correct frequency regime. 

6. The sample and buffer avg_linear valves are divided and operated on by -log to yield the 

linear optical density (OD) (Figure A2.2) 

 

Figure A2.2: Calculated linear OD spectra of AcKFE8 (red) and L-Serine (black) 

 

7. The linear OD (lin_OD) spectrum usually results in a distorted baseline. A polynomial 

function should be subtracted from the linear OD to correct the baseline and yield the 

fit_linOD variable. Two common ways to fit the lin_OD are to use a first degree polynomial 

fitting the edges of the spectrum, omitting the area of interest (1600-1660 cm-1) or to use 

a second degree polynomial to fit a very small area just adjacent to the area of interest.  

8. The “sliceNeg” variable undergoes a sign flip to make the values positive and is taken as 

the ΔOD in both calibrant and sample spectra. (Figure A2.3) 
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Figure A2.3: ΔOD spectra of AcKFE8 (red) and L-Serine (black) 

 

9. The maximum ΔOD value from the calibrant spectrum is divided by the maximum value 

from the lin_OD spectrum and yield a single value.  

10. The sample ΔOD spectrum is divided by the fitted lin_OD spectrum to yield a TDS 

spectrum. The values are scaled by dividing by the value in Step nine and multiplying the 

values by the known TDS value (0.2 for Ser) of the calibrant molecule. (Figure A2.4) 
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Figure A2.4: Final TDS spectrum of AcKFE8  

 

 



 
 

113 
 

Appendix 3 

Troubleshooting for CEM Liberty BlueTM microwave-assisted solid-phase peptide synthesizer 

I have collected useful checks and procedures for troubleshooting, maintaining, and repairing 

frequently occurring problems caused from regular use. These techniques have been provided 

from user manuals and correspondence from CEM personal and maintenance technicians. 

Shutdown procedures: The key to sustained synthesizer use is proper maintenance once a run 

is finished. First, each used amino acid position, activator and activator base should be 

backwashed and backpurged (options menu → maintenance → cleaning → select used 

positions). The tubes with pure DMF can then be replaced in their proper positions. Secondly, the 

deprotect solution must be backpurged as the piperazine solution is notorious for crashing out 

and causing clogs in the lines particularly during extended periods of no use (options menu → 

maintenance → backpurge → backpurge deprotect). Verify the reaction vessel is empty and run 

the operation. Watch for amply bubbles in the leftover deprotect solution to verify air is freely 

flowing with clogs.  When prompted to replace the bottles, empty, and clean the deprotect bottle 

and select cancel so the system does not reprime the solution. Finally, preform the extended 

rotary wash (options menu → maintenance → wash → extended rotary wash) and depressurize 

the system before powering off and exiting out of the laptop software.  

1. PMAIN pressure check fails: Most errors occur due to lose of pressure in the system. 

The “Pmain” check is the first error donating a pressure leak in the system. The 

synthesizer will not run without passing the Pmain pressure check. The Pmain check 

refers to the nitrogen manifold located in the lower instrument body through the back 

doors. The Pmain valve opens to fill the nitrogen manifold from the supply source. From 

the nitrogen manifold, nitrogen gas is distributed to the system where needed to 

pressurize the reservoir positions, purge reagents to the reaction vessel and to 
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pressurize the reaction vessel to drain it. If there is a leak, the system will have difficulty 

accomplishing these tasks. The most probable causes for this leak are: 

a. Main solvent or deprotection bottle caps are loose. Check the O-rings inside the 

caps are secure and the threaded tube connections are tightly sealed on the 

outside of the cap 

b. Fritted ferrules are leaking. These are the yellow connections/sealers on the end 

of the solvent lines inside the threaded tube connections.  

i. Checking Rotary 1: Remove the nut/tubing from the Pmain/R1 port. 

Screw the plug nug into the port. Run the Pmain leak test. If it is stable, 

the issue is with the fritted ferrules in this line. If it is not, the fritted ferrule 

is not the issue, and you need to go to next step (ii). In either case, 

remove plug nut and reattach the tubing into its port.  

 

Figure A3.1: R1-3 line to replace with plug nut to check for leaks in rotary valve 1.  

 

ii. Checking Rotary 2: Remove the nut/tubing from the Pmain/R2 port. 

Screw the plug nut into this port. Run the Pmain leak test. If it is stable, 
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the issue is with the fitted ferrule in this line, and you need to replace it. If 

not, the fritted ferrule was not the issue, and you should contact CEM 

product support for next steps. The leak is likely within the rotary valves.  

 

Figure A3.2: R2-3 line to replace with plug nut to check for leaks in rotary valve 2. 

 

2. Reaction vessel filter replacement: While the Teflon filter in the bottom of the reaction 

vessel keeps the resin from washing away, it is not perfect by any measure. To ensure 

resin or other contaminants do not through the lines causing blockages, an additional 

elongated elliptical reaction vessel is located in the back of the synthesizer behind the 

nitrogen manifold. This filter should be changed every 1-2 years to prevent system errors 

and synthesis stoppages. Common symptoms of a clogged reaction vessel filter are 

when the reaction vessel fails to drain or takes too long to completely drain. To change 

the reaction vessel filter: 

a. Depressurize the Liberty Blue system (options menu → maintenance → 

miscellaneous → depressurize) 

b. Turn off Liberty Blue system 
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c. Rotate system to turn back swinging doors to you (may be easier to pull the 

system out of the hood onto a cart) 

d. Locate the RV filter behind the pressure sensor manifold (PS2/PS3) 

e. Unscrew the 4 Phillips head screws attaching the filter to the frame 

f. Unscrew RV-V1 and RV-V2 tubing fittings 

g. Remove the filter from behind pressure sensors 

h. Install new filter in the same orientation as previous filter 

i. Screw filter into place and re-attach RV-V1 and RV-V2 lines 

 

Figure A3.3: Location of the reaction vessel filter behind PS2/PS3 nitrogen manifold.  
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