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ABSTRACT OF THE DISSERTATION 

 

Applying New Tools to Study Aβ-derived Oligomers 

by 

Gretchen Guaglianone 

Doctor of Philosophy in Chemistry 

University of California, Irvine, 2022 

Professor James S. Nowick, Chair 

 

 

The formation of aggregates of the amyloidogenic peptide β-amyloid (Aβ), termed 

oligomers, is central to Alzheimer’s disease, where oligomers play a central role in 

neurodegeneration. The use of chemical model systems can help provide insights into the 

structures and interactions of oligomers, which are otherwise difficult to study because they are 

heterogeneous and metastable. In my dissertation, I describe the application of new tools to study 

Aβ-derived oligomers to better understand the molecular basis of Alzheimer’s disease. 

Chapter 1 describes the use of macrocyclic β-hairpin peptides as model systems to study 

amyloid oligomers. The first part of the chapter describes the chemical synthesis of the 

macrocyclic β-hairpin peptides and covalent assemblies thereof. The second part of the chapter 

describes the characterization of the oligomers formed by the macrocyclic β-hairpin peptides, 

focusing on SDS-PAGE, size-exclusion chromatography (SEC), and X-ray crystallography. This 

chapter focuses on the β-amyloid peptide (Aβ), but these strategies are applicable to a broad 

range of amyloid-derived peptides and proteins. The subsequent chapters study the covalently 

stabilized trimers derived from residues 16–36 of Aβ as model systems to understand Aβ 

oligomers. 
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Chapter 2 expands the toolset to study Aβ-derived oligomers using the emerging 

techniques of fluorescence lifetime imaging microscopy (FLIM) and native mass spectrometry 

(native MS) to better understand the assembly and interactions of the oligomer model system 

2AT-L in aqueous solutions and with cells. Oligomer model 2AT-L and fluorescently labeled 

2AT-L analogues assemble in the membrane-like environment of SDS-PAGE, showing diffuse 

bands of oligomers in equilibrium. Native ion mobility-mass spectrometry (native IM-MS) of 

2AT-L allows for the identification of discrete oligomers in solution and shows similar patterns 

of oligomer formation between 2AT-L and fluorescently labeled analogues. Fluorescence 

microscopy with SH-SY5Y cells reveals that fluorescently labeled 2AT-L analogues co-localize 

within lysosomes. FLIM studies with phasor analysis further elucidate the assembly of 2AT-L 

within cells and establish the occurrence of FRET, suggesting intracellular oligomerization.  

Chapter 3 explores how differences in β-hairpin registration can affect biophysical and 

biological activity. The prevalence of β-sheet rich structures of Aβ, where the central and C-

terminal regions fold to form a β-hairpin has been established as important secondary structure of 

Aβ oligomers. Using our laboratory’s template for oligomer models, two isomorphic trimers 

were synthesized and fluorescently labeled. The differences in the two trimers’ interactions with 

cells are explored through fluorescence microscopy. Results suggest that the alignment of the β-

hairpin can affect cellular interactions and support the principle that function follows form. 

Chapter 4 introduces additional mass spectrometry techniques as tools in the 

investigation of the complex behavior of oligomer model systems. In particular, native MS is a 

powerful technique for the study of non-covalent assemblies that complements other biophysical 

techniques. In this study, the oligomeric assemblies of three isomorphic trimers are investigated 
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by two native MS techniques, mass photometry, SDS-PAGE, and cellular cytotoxicity. These 

studies affirm the need for multiple techniques to accurately characterize oligomer behavior.  

Chapter 5 details techniques learned from my experience working in the UCI Mass 

Spectrometry Core Facility as the Mass Spectrometry Fellow. I have distilled the knowledge 

gathered through literature and experience into a simple guide that outlines the types of mass 

spectrometry instruments available in the UCI Mass Spectrometry Core Facility, sample 

preparation requirements and instrument compatibility, and data analysis resources. 

Finally, in my epilogue, I describe a selection of collaborative projects I have contributed 

to in my time in the Nowick laboratory. These collaborations include research related to 

amyloidogenic peptides, antibiotic peptides, and online organic chemistry teaching methods. 
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Chapter 1a 

 

Exploring Amyloid Oligomers with Peptide Model 
Systems  
 

Preface to Chapter 1 

Chapter 1 describes guidance on how to synthesize and study self-assembling 

macrocyclic β-hairpin peptides. The procedures described in Chapter 1 formed the foundation of 

all of my subsequent projects, where assays could not be performed if successful peptide 

synthesis and trimer stabilization could not be completed. I had the opportunity to publish this 

guide which encompasses many years of troubleshooting from generations of graduate students 

in the Nowick laboratory. We thank Dr. Ryan Spencer, Dr. Adam Kreutzer, Dr. Patrick 

Salveson, Dr. Nicholas Truex, Dr. Hyun-Jun Yang, and Dr. Tuan Samdin for developments in 

these procedures over the past decade and Dr. Adam Kreutzer for his contributions to the X-ray 

crystallography section. 

 

  

 
a This chapter is adapted from Guaglianone, G.; Kreutzer, A. G.; Nowick, J. S. Synthesis and Study of Macrocyclic 
β-Hairpin Peptides for Investigating Amyloid Oligomers. Meth. Enzymol. 2021, 656, 123–168. 
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INTRODUCTION  

Amyloidogenic peptides and proteins are characterized by their ability to self-assemble to 

form oligomers and fibrils and are involved in many neurodegenerative diseases including 

Parkinson’s disease, Huntington’s disease, and Alzheimer’s disease. Aggregates of these 

peptides are a hallmark of amyloid diseases; however, the underlying mechanisms leading to 

aggregation are not well understood.1–3 The process of aggregation, whereby monomeric units 

assemble into oligomers and fibrils, is difficult to study because of the transitory and dynamic 

nature of assembly.4–6 Amyloid oligomers are highly heterogeneous in size and structure, 

hindering investigation of structure-activity relationships.7–9 Often in the oligomeric and fibrillar 

state, amyloidogenic peptides and proteins adopt a β-sheet conformation, frequently known as 

the amyloid fold.5,10–12 It has become apparent that the oligomeric assemblies contribute to the 

toxicity observed in amyloid diseases. Understanding the oligomerization of amyloidogenic 

peptides and proteins is vital for understanding the molecular basis of amyloid diseases and for 

discovering potential treatments of these diseases.4,13,14  

There are limitations to studying full-length amyloidogenic peptides and proteins. 

Isolating soluble oligomers, the suspected toxic species, and developing therapies targeting these 

dynamic species has thus far been unsuccessful.15 Model systems consisting of fragments of 

amyloidogenic peptides or proteins have emerged as accessible methods to increase 

understanding of the biophysical properties of amyloid oligomers.3,4,16,17 Our laboratory has 

pioneered the synthesis and study of macrocyclic β-hairpin peptides derived from the β-amyloid 

peptide (Aβ), an amyloidogenic peptide that aggregates to form the hallmark plaques in 

Alzheimer’s disease.18–26 
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Here we detail methods to synthesize and study macrocyclic β-hairpin peptides (Figure 

1.1). We describe procedures to constrain peptide fragments into a β-hairpin using the turn 

mimic δ-linked ornithine, with the option to incorporate additional residues onto the N-terminus 

of the macrocyclic β-hairpin peptide and modify the peptide backbone to prevent uncontrolled 

aggregation.27,28 We also provide methods to incorporate cysteine mutations into the native 

sequence to create covalently linked, stable oligomers through disulfide bonds. Finally, we 

provide detailed methods to study the self-assembly of macrocyclic β-hairpin peptides, including 

SDS-PAGE, SEC, and X-ray crystallography. These methods are not limited to peptides derived 

from Aβ and can be applied to other amyloidogenic peptides and proteins to further elucidate the 

role of amyloid assemblies in neurodegenerative and somatic diseases. 
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Figure 1.1 Aβ-derived macrocyclic β-hairpin peptides highlighting the use of N-methyl-

phenylalanine at position 20 (magenta) to prevent uncontrolled aggregation, δ-ornithine turn 

mimics (red) to induce β-hairpin formation, and cysteine residues at positions 17 and 21 (blue) to 

permit disulfide crosslinking.  
 
 
 
SYNTHESIS OF MACROCYCLIC β-HAIRPIN PEPTIDES 

Studying the self-assembly of amyloidogenic peptides and proteins into oligomers is 

difficult because oligomers are heterogeneous and metastable. Our laboratory has developed 

techniques to synthesize and study oligomers of the β-amyloid peptide (Aβ), using macrocyclic 

β-hairpin peptides derived from Aβ that allow for the formation of more stable and homogeneous 

oligomers. In these macrocyclic peptides, δ-linked ornithine (δOrn) turn mimics are used to 
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constrain fragments from the central and C-terminal regions of Aβ into a β-hairpin. An N-methyl 

group on the backbone of the peptide prevents uncontrolled aggregation. The corresponding δOrn 

and N-methyl amino acids are easily incorporated into the macrocyclic β-hairpin peptides using 

standard solid-phase peptide synthesis with Fmoc-protected amino acids. Additionally, a δOrn 

orthogonally protected with Dde and Fmoc allows additional N-terminal amino acids to be 

appended to the macrocycle (Scheme 1.1). Solution-phase cyclization generates the macrocyclic 

ring (Scheme 1.2). Cysteine residues can be incorporated into macrocyclic peptides that exhibit 

well-defined self-assembly and then oxidized to create covalently stabilized oligomers with 

disulfide crosslinks (Scheme 1.3). Detailed below is a description for the synthesis of a 

macrocyclic β-hairpin peptide using 2-chlorotrityl chloride resin on a 0.1 mmol scale following 

standard solid-phase peptide synthesis procedures using Fmoc-protected amino acids. 

Synthesis of the macrocyclic β-hairpin peptide begins with by loading 2-chlorotrityl 

chloride resin with the first Fmoc-protected amino acid. After loading for 12 h, drain the solution 

and cap unreacted resin sites with a solution of dichloromethane, methanol, and N,N-

diisopropylethylamine (8.5:1:0.5 mL). Following capping, subject the loaded resin to cycles of 

peptide coupling. In each cycle, 20% piperidine is used to remove the Fmoc protecting group 

from the amine. An amino acid is then activated with coupling agents and added to extend the 

amino acid chain. When synthesizing a peptide containing an N-methyl amino acid, begin the 

synthesis from the δOrn proximal to the C-terminal side of the desired N-methyl residue.  
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Scheme 1.1 Removal of the Dde protecting group in the synthesis of a macrocyclic β-hairpin 

peptide that incorporates additional N-terminal residues. 
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Scheme 1.2 Cyclization to generate a macrocyclic β-hairpin peptide.  
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peptide is dissolved. After a gradient elutes the peptide, fractions containing pure peptide are 

combined and concentrated by rotary evaporation. The solution is frozen and lyophilized to yield 

dry peptide.  

 

 

Scheme 1.3 Oxidation of a macrocyclic β-hairpin peptide containing cysteine residues to 

generate a covalently stabilized trimer with disulfide crosslinks.  
 

The purified macrocyclic β-hairpin peptide is subject to oxidation into crosslinked 

oligomers in 20% aqueous dimethyl sulfoxide for 48 h. The reaction is purified by RP-HPLC. 

Fractions containing pure trimer are combined and concentrated by rotary evaporation. The 

remaining solution is frozen and lyophilized to yield dry trimer. 
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METHODS FOR STUDYING THE SELF-ASSEMBLY OF MACROCYCLIC β -
HAIRPIN PEPTIDES 
 

A wide variety of methods are available to study the supramolecular assembly of 

amyloidogenic peptides and proteins. Below are three methods we have found to be the most 

reliable techniques that provide insights into the assembly and structure of macrocyclic β-hairpin 

peptides: SDS-PAGE, SEC, and X-ray crystallography (Figure 1.2). SEC provides information 

about the size and molecular weight of the peptide assembly that forms in solution. SDS-PAGE 

offers additional information about the peptide assembly in the lipid-like environment of SDS 

micelles. X-ray crystallography provides high-resolution structures of the peptide assemblies that 

form. A combination of these techniques can elucidate the structures and self-assembling 

behavior of macrocyclic β-hairpin peptides. These robust techniques are frequently supported 

with additional techniques such as ion mobility mass spectrometry, NMR, analytical 

ultracentrifugation, and dynamic light scattering, to better understand the biophysical properties 

of self-assembling peptides. 
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Figure 1.2 Three techniques used to study the supramolecular assembly of macrocyclic β-hairpin 

peptides and crosslinked oligomers: X-ray crystallography, SEC, and SDS-PAGE. 
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oligomers (Figure 1.3). These observations are consistent with those for full-length Aβ, which 

also appears to form SDS-promoted assemblies.30 

Various techniques can be used to visualize the peptide bands within the gel. The most 

common method we use is silver staining, which relies on the reduction of silver ions to 

elemental silver, in a fashion similar to the development of a black-and-white photograph.31,32 

We occasionally perform Coomassie staining to visualize the bands in the gel. Coomassie 

staining relies on adsorption of the dye to the hydrophobic side chains of the amino acids 

contained in the peptide to visualize the peptide assemblies.31,33 Visualization via InstantBlue 

Coomassie protein stain is reversible and compatible with subsequent mass spectrometric 

analysis of the gel bands. While silver staining is more sensitive than Coomassie staining, it is 

not reversible and thus not compatible with potential subsequent mass spectrometric analysis of 

the gel bands. Although other visualization methods are available, our lab has found these two to 

be the most effective for the visualization of our macrocyclic β-hairpin peptides. 

 

Figure 1.3 Silver-stained SDS-PAGE gel showing a macrocyclic β-hairpin peptide at varying 

concentrations. Streaking of the bands illustrates the equilibrium of the oligomer with monomer 

and lower-order oligomers. 
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Size-exclusion chromatography offers insight into the sizes and molecular weights of the 

assemblies that the macrocyclic β-hairpin peptides and crosslinked oligomers form in aqueous 

solution. Peptide assemblies of various sizes are separated through a gel matrix with larger 

molecular weight peptide assemblies eluting first, followed by smaller molecular weight 

assemblies and peptide monomers, which better enter the pores within the gel matrix. The 

peptides and reference standards that elute from the column pass through a UV absorbance 

detector and the absorbance signal is monitored. We typically monitor absorbance at 214 nm, 

however, for peptides that contain tyrosine or tryptophan, absorbance at 280 nm may be used. 

The mass of the peptide assembly and number of peptide monomer units can be determined by 

comparing the elution time of the peptide to multiple reference standards.7,34  

It is important to identify a buffer and pH in which the peptide of interest is completely 

soluble and does not precipitate. Comparison of the UV absorbance of a solution of the peptide 

in buffer before and after centrifugation can help detect loss of peptide by precipitation or 

aggregation. Buffers systems that have been successful for our macrocyclic β-hairpin peptides 

and crosslinked oligomers include 50 mM Tris buffer at pH 7.4 with 150 mM NaCl, 10 mM 

glycine and 50 mM NaCl at pH 3.0, and 50 mM sodium acetate and 50 mM acetic acid at pH 

4.7.19–21 Phosphate buffers have often led to precipitation. Once an appropriate buffer system is 

determined, peptide samples and references standards can be run and analyzed quickly.  

X-ray crystallography is a powerful technique for elucidating the three-dimensional 

structures of the higher-order assemblies that macrocyclic β-hairpin peptides form. These 

peptides are well suited for X-ray crystallography, because they adopt conformationally 

homogeneous β-hairpin structures that are prone to self-assemble and form a crystal lattice. We 
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have adapted the tools of protein crystallography to crystallize and elucidate the crystal 

structures of macrocyclic β-hairpin peptides.35 

 

CONCLUSIONS 

Macrocyclic β-hairpin peptides provide useful model systems for studying the elusive 

peptide and protein oligomers associated with amyloid diseases. Understanding amyloid 

oligomer structures and their biophysical and biological properties is critical for understanding 

and developing treatments of amyloid diseases. Throughout this chapter, we outline simple 

synthetic methods for incorporating δOrn turn linkers to constrain fragments of Aβ and N-methyl 

amino acids to limit uncontrolled aggregation of the peptide. These modifications create 

macrocyclic β-hairpin peptides derived from amyloidogenic peptides and proteins that self-

assemble to form oligomers. The structures of these oligomers can be elucidated at high-

resolution using X-ray crystallography, and the oligomers can be further studied by techniques 

such as SDS-PAGE and SEC.  

Our laboratory has demonstrated the utility of these synthetic modifications to make 

macrocyclic β-hairpin peptides derived from a variety of amyloidogenic peptides and 

proteins.22,36–39 These powerful tools have led to the discovery of oligomers—elucidated through 

SEC, SDS-PAGE, and X-ray crystallography—ranging from dimers (2 monomers) to 

dodecamers (12 monomers) to large annular pore-like structures. The oligomers formed by our 

macrocyclic β-hairpin peptides are far more homogeneous than native oligomers formed by full-

length amyloidogenic peptides and proteins, which are inherently heterogeneous. The 

homogeneity of the oligomers formed by macrocyclic β-hairpin peptides allows for a more direct 

correlation of oligomer structure with oligomer biology. In our own laboratory, we have 
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correlated the oligomers formed by our macrocyclic β-hairpin peptides with oligomers formed by 

full-length Aβ using the oligomer-specific antibody A11.19,40 We envision that experiments of 

this sort can also be done for other amyloidogenic peptides and proteins.  

Current studies in our laboratory also focus on better understanding the biological 

significance of the oligomeric assemblies that we create and correlating these assemblies with 

biogenic Aβ oligomers and other oligomers of full-length Aβ. Antibodies feature heavily among 

the tools that we are using in these studies, and we are looking at the cross-reactivity of 

antibodies generated against our macrocyclic β-hairpin peptides with biogenic Aβ oligomers. 

Through these studies, we aim to learn what our macrocyclic β-hairpin peptides can reveal about 

the structures and biology of oligomers that occur in the brain in Alzheimer’s disease. We hope 

this chapter advances the study and understanding of amyloidogenic peptides and proteins and 

their relationship to amyloid diseases. 
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Chapter 2b
  

 

Elucidating the Oligomerization and Cellular 
Interactions of a Trimer Derived from Aβ Through 
Fluorescence and Mass Spectrometric Studies  
 

Preface to Chapter 2 

Chapter 2 describes a project that aimed to use emerging tools to study a macrocyclic 

peptide derived from Aβ—a goal that could not have been achieved without the knowledge and 

support of my collaborators. Guidance through fluorescence lifetime imaging microscopy 

(FLIM) and processing data by the phasor method was supported by Dr. Belén Torrado and Prof. 

Enrico Gratton. Dr. Torrado dedicated many hours of her time with me collecting FLIM images, 

teaching me the process of applying the phasor method to visualize lifetime changes, and 

meeting with me to discuss figures and information for the manuscript. Her expertise was critical 

to the success of these experiments. Guidance through native ion mobility-mass spectrometry 

(native IM-MS) was supported by Leon Lin and Prof. Vicki Wysocki. Leon ran my samples on 

their cyclic IM-MS instrument and taught me how to process the data and prepare figures to 

represent the findings. Leon’s knowledge and patience contributed greatly to this project.   

 
b This chapter is adapted from Guaglianone, G.; Torrado, B.; Lin, Y-F.; Watkins, M. C.; Wysocki, V. H.; Gratton, 
E.; Nowick, J. S. Elucidating the Oligomerization and Cellular Interactions of a Trimer Derived from Aβ Through 
Fluorescence and Mass Spectrometric Studies. Submitted to ACS Chem. Neurosci.  
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INTRODUCTION  

Elucidating the biological properties of Aβ oligomers and understanding their solution 

phase behavior are essential to better understanding Alzheimer’s disease.1 Accumulation of the 

β-amyloid peptide (Aβ) in the brain is a hallmark of Alzheimer’s disease and is a key contributor 

to neurodegeneration.2 Aβ aggregates to form toxic oligomers and the fibrils that make up the 

characteristic plaques observed in the brains from those with Alzheimer’s disease. These 

oligomers are thought to be the main synaptotoxic species, but have proven difficult to study as 

they are inherently heterogeneous and metastable with a high propensity to form fibrils.3–8 

Trimers of Aβ42 are among the most toxic oligomers and are implicated in neuronal cell death.6,9–

12  

Model systems of stabilized Aβ-derived oligomers have emerged as tools to better 

understand endogenous oligomers and provide further insight into the molecular basis of 

Alzheimer’s disease.12–14 Our laboratory has developed a series of covalently stabilized trimers 

derived from residues 17–36 of Aβ as chemical models of toxic amyloid oligomers associated 

with neurodegeneration in Alzheimer’s disease.15–20 One of the trimers, termed 4AT-L, is 

composed of three β-hairpins formed by an Aβ17–36 peptide, with molecular templates designed 

to induce β-hairpin folding, block uncontrolled aggregation, and allow disulfide crosslinking of 

three β-hairpins to form a covalent trimer.20 Trimer 4AT-L is toxic toward the neuronal cell line 

SH-SY5Y, assembles to form ball-shaped dodecamers composed of four trimers in the crystal 

state, and forms dodecamers in SDS-PAGE.  

Fluorescence lifetime imaging microscopy (FLIM) and native mass spectrometry (native 

MS) have emerged as important new tools to probe the assembly and interactions of peptides and 

proteins.21–25 Native MS provides information about the stoichiometry of oligomeric assemblies 
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present in solution and can thus complement the structural information elucidated from X-ray 

crystallography and SDS-PAGE to build a broader understanding of the solution-phase assembly 

of Aβ-derived oligomers.26,27 Fluorescence microscopy to visualize Aβ-derived oligomers in the 

presence of cells and the application of FLIM to determine the occurrence of Förster resonance 

energy transfer (FRET) can complement the previously observed cellular cytotoxicity.28–34 In the 

current study, we set out to apply these and other techniques to better understand the assembly 

and interactions of a covalently stabilized trimer derived from residues 17–36 of Aβ in aqueous 

solutions and with cells.  

 

RESULTS AND DISCUSSION 

Design and synthesis of 2AT-L. In trimer 4AT-L, the native phenylalanine at position 20 is 

replaced with cyclohexylalanine. For the current study, we prepared homologue 2AT-L, which 

behaves similarly but has the native phenylalanine at position 20. Trimer 2AT-L is composed of 

three crosslinked Aβ17–36 β-hairpins. In each β-hairpin, a δ-linked ornithine (δOrn) turn unit 

between residues 17 and 36 helps enforce a folded β-hairpin conformation, and an N-methyl 

group on phenylalanine 20 helps block uncontrolled aggregation (Figure 2.1A). In 2AT-L, 

residues 17 and 21 are replaced by cysteines, which provide covalent crosslinks that hold the 

trimer together by connecting the monomer subunits at the vertices (Figure 2.1B,C). The 

crosslinked trimers are homogeneous, stable, and mimic some of the biological properties of Aβ 

oligomers.18,20 

We synthesized trimer 2AT-L by the same procedures that we previously used to prepare 

trimer 4AT-L. We first prepared macrocyclic peptide 2AM-LCC by solid-phase peptide synthesis 

of the corresponding linear peptide on 2-chlorotrityl resin, followed by cleavage of the protected 
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peptide from the resin, solution-phase macrocyclization, deprotection, and purification by RP-

HPLC. 2AM-LCC was oxidized at 6 mM in 20% aqueous DMSO with 60 mM triethylamine for 

48 h. 2AT-L was isolated from the oxidation reaction by RP-HPLC. Pure fractions were 

lyophilized, affording >95% pure 2AT-L as the trifluoroacetate (TFA) salt. 

 

 

Figure 2.1 Chemical structures of β-hairpin peptides and a trimer derived from Aβ17−36. (A) 
Macrocyclic β-hairpin 2AM-L incorporating an N-methyl residue to prevent uncontrolled 

aggregation and a δOrn turn (blue) mimic to constrain the N- and C- termini. (B) β-Hairpin 

2AM-LCC incorporates cysteine mutations at residues 17 and 21. (C) Three 2AM-LCC β-hairpins 

form covalently stabilized trimer 2AT-L through disulfide bonds. 
 

Preparation of fluorescently labeled 2AT-L. Substoichiometric labeling of 2AT-L with 

fluorophore NHS esters permits the isolation of singly-labeled 2AT-L.35 We developed a 
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labeling procedure in which 2AT-L is treated with 0.05 molar equivalents of the commercially 

available sulfo-cyanine3 (sCy3) or sulfo-cyanine5 (sCy5) NHS esters, the singly-labeled trimer 

is isolated by RP-HPLC, and the unlabeled trimer is recycled. We found that heating the HPLC 

column greatly facilitates the separation of the labeled trimer from the unlabeled trimer and also 

permits the removal of the small amounts of doubly-labeled trimer that form. We selected the 

bis-sulfonated analogues of the commonly used FRET partners Cy3 and Cy5 as fluorophores 

because they provide enhanced aqueous solubility and reduced aggregation. Labeling 3 mg of 

trimer by this procedure typically permits isolation of ca. 150 μg of singly-labeled trimer 2AT-L-

sCy3 or 2AT-L-sCy5 as the TFA salt, which was sufficient for many of the experiments 

described below.  

 

Oligomerization of 2AT-L and fluorescently labeled 2AT-L analogues by SDS-PAGE. We 

used SDS-PAGE to initially assess the effect of the sCy3 and sCy5 fluorophores on the assembly 

of 2AT-L into higher-order oligomers. In SDS-PAGE, trimer 2AT-L assembles to form higher-

order oligomers. When 2AT-L (6.6 kDa) is run in SDS-PAGE and visualized by silver staining, 

it forms a downward-streaking band from ca. 32 kDa to ca. 13 kDa, suggesting assembly into 

oligomers ca. 2–5 trimers in size (Figure 2.2A). In contrast, the monomer 2AM-L (2.2 kDa) 

migrates at ca. 3 kDa, indicating the absence of assembly into oligomers. 2AT-L-sCy3 (7.2 kDa) 

migrates as a compact band at ca. 14 kDa, suggesting hexamer formation (2 trimers), while 2AT-

L-sCy5 (7.2 kDa) migrates as a more diffuse band, from ca. 21 kDa to ca. 13 kDa, suggesting the 

formation of hexamers or perhaps hexamers and nonamers (2–3 trimers).  

Fluorescence imaging provides additional insights into the bands formed by the trimers 

(Figure 2.2B,C). Notably, the diffuse band formed by 2AT-L-sCy5 shows an intense component 
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at ca. 14 kDa and a weaker component at ca. 21 kDa. The difference in shape between the bands 

formed by 2AT-L-sCy5 and 2AT-L-sCy3 may reflect the greater hydrophobicity and flat 

hydrophobic surface area provided by the larger sCy5 fluorophore. Both the sCy3 and sCy5 

labels appear to impede the assembly, with hexamers as the main species observed, while the 

unlabeled 2AT-L forms predominantly larger oligomers. 
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Figure 2.2 SDS-PAGE of peptides 2AM-L, 2AT-L, 2AT-L-sCy3, and 2AT-L-sCy5. (A) Silver-

stained image. (B) Fluorescence image in the Cy3 channel. (C) Fluorescence image in the Cy5 

channel. SDS-PAGE was performed in Tris buffer at pH 6.8 with 2% (w/v) SDS on a 16% 

polyacrylamide gel with 50 μM solutions of peptide in each lane. Fluorescence imaging was 

performed before silver staining. 

 

Oligomerization of 2AT-L and fluorescently labeled 2AT-L analogues by native IM-MS. 

We used native MS coupled with ion mobility spectrometry (IM) to investigate the oligomeric 

assembly of the trimers to complement the SDS-PAGE studies and avoid SDS-induced oligomer 
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formation.36 In native IM-MS, oligomers and non-covalent assemblies are ionized and separated 

without dissociation. IM separates ionized oligomers of different size, shape, and charge in the 

gas-phase as they travel through the ion mobility device at different rates and their arrival times 

are measured.37 The ions then are analyzed by a mass analyzer to determine their mass-to-charge 

ratio, m/z (Figure 2.3A). Trimer 2AT-L and fluorescently labeled 2AT-L analogues show a 

charge state distribution in the mass spectrum, leading to many overlapping m/z peaks that arise 

from multiple assemblies of trimers. The separation by arrival times that occurs in the ion 

mobility device permits separation of species with identical mass-to-charge ratio into their 

component oligomers.  

 Native IM-MS reveals that 2AT-L and fluorescently labeled 2AT-L analogues also 

assemble to form oligomers in aqueous solution. Each IM-MS experiment generates a 

mobiligram, in which the arrival time is plotted against mass-to-charge ratio, with the relative 

intensity displayed as a heat map. The IM-MS mobiligram for trimer 2AT-L shows that 2AT-L 

forms hexamers and nonamers, in addition to the trimer (Figure 2.3B). IM-MS shows that 2AT-

L-sCy3 and 2AT-L-sCy5 also undergo assembly. The mobiligram for 2AT-L-sCy3 shows the 

formation of hexamers, as well as a low abundance of nonamers and dodecamers, in addition to 

the trimer (Figure 2.3C). The mobiligram for 2AT-L-sCy5 also shows the formation of 

hexamers, nonamers, and dodecamers, in addition to the trimer (Figure 2.3D).   

The SDS-PAGE and native IM-MS experiments reveal that oligomers of 2AT-L and the 

fluorescently labeled 2AT-L analogues can form in either the presence or absence of SDS. 

Although the fluorophore labels appear to perturb the formation of higher-order oligomers in 

SDS-PAGE, similar perturbation is not seen in native IM-MS.  
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Figure 2.3 Native IM-MS of 2AT-L and labeled analogues. (A) Diagram of the cIMS instrument 

used to run native IM-MS experiments. Molecules are ionized through nano-electrospray 

ionization (nano-ESI), then travel through an ion guide and quadrupole. Ions reach a trap cell 

before entering the cyclic ion mobility device in which species are separated by size, shape, and 

charge. Ions exit the mobility device and proceed through a reflectron time-of-flight (TOF) mass 

analyzer to separate ions by mass-to-charge ratio. The time for an ion to travel through the 

mobility cell to detection is recorded as the arrival time. (B,C,D) Mobiligrams of 2AT-L, 2AT-

L-sCy3, and 2AT-L-sCy5. Native IM-MS was performed on a SELECT SERIES Cyclic IMS Q-

cIMS-TOF (cIMS) instrument (Waters Corporation). Numeric labels indicate the charge state of 

the corresponding oligomeric species. Samples of 2AT-L and fluorescently labeled 2AT-L 

analogues were prepared at a concentration of 40 μM in 400 mM ammonium acetate.  

 

Oligomerization of 2AT-L-sCy3 and 2AT-L-sCy5 by FRET. We performed steady-state 

FRET experiments with mixtures of 2AT-L-sCy3 (donor) and 2AT-L-sCy5 (acceptor) to further 

assess the assembly of 2AT-L into higher-order oligomers in solution. The occurrence of FRET 

can be determined by selectively exciting at a wavelength absorbed by the donor and observing 

fluorescence at a wavelength emitted by the acceptor. In practice, it is often difficult to 

selectively excite only the donor. Thus, we used an excitation wavelength of 490 nm — which is 

well below the 548 nm λmax of sCy3 — to minimize direct excitation of sCy5.38 We monitored 
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fluorescence emission at 662 nm — the emission maximum of sCy5 — and varied the ratio of 

2AT-L-sCy3 and 2AT-L-sCy5 from 100:0 to 0:100 while maintaining a total concentration of 5 

μM. 

 When 2AT-L-sCy3 alone (100:0) is irradiated at 490 nm, emission (0.57 rfu) occurs at 

662 nm (Figure 2.4). This emission is results from the sCy3 fluorophore, which has an emission 

maximum of 556 nm, but which extends weakly to 662 nm and beyond. When a 50:50 mixture 

of 2AT-L-sCy3 and 2AT-L-sCy5 is irradiated, the emission at 662 nm increases (1.00 rfu). The 

enhanced fluorescence reflects the occurrence of FRET and thus demonstrates the co-

oligomerization of 2AT-L-sCy3 and 2AT-L-sCy5. Only modest emission (0.29 rfu) occurs from 

excitation of 2AT-L-sCy5 alone (0:100) at 490 nm, providing further evidence that the enhanced 

fluorescence in the 50:50 mixture results from FRET. Additional mixtures of 2AT-L-sCy3 and 

2AT-L-sCy5 (80:20, 60:40, 40:60, 20:80) show intermediate levels of emission, providing 

further evidence for co-oligomerization and FRET.  
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Figure 2.4 Fluorescence at the emission maximum of 2AT-L-sCy5 as a function of percentage 

of 2AT-L-sCy3. Fluorescence spectra of mixtures of varying ratios of 2AT-L-sCy3 and 2AT-L-

sCy5 were acquired with excitation at 490 nm and observation at 662 nm. All spectra were 

collected on aqueous solutions of 2AT-L-sCy3 and 2AT-L-sCy5 with a total concentration of 5 

μM. 

 

Fluorescence microscopy of 2AT-L-sCy3 and 2AT-L-sCy5. To gain insights into the 

biological roles of the oligomers observed by SDS-PAGE, native IM-MS, and steady-state FRET 

experiments, we performed fluorescence microscopy with SH-SY5Y cells. Trimer 4AT-L is 

toxic toward SH-SY5Y cells, and trimer 2AT-L exhibits similar toxicity.20 To further explore the 

interaction of Aβ-derived trimers with mammalian cells, we used fluorescence microscopy. SH-

SY5Y cells were incubated with fluorescent analogues of 2AT-L at a total concentration of 5 

μM. Cells were then counterstained with Hoechst 33342 nuclear stain (blue), washed with phenol 

red-free DMEM:F12 media, and imaged. Fluorescence micrographs were collected with 

emission observed in the respective Cyanine3 and Cyanine5 channels.  
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Fluorescence microscopy reveals that both 2AT-L-sCy3 and 2AT-L-sCy5 are 

internalized by cells. Incubation of SH-SY5Y cells with 2AT-L-sCy3 resulted in defined 

intracellular puncta and some small fluorescent features bound to the cell membrane (Figure 

S2.1). Incubation of SH-SY5Y cells with 2AT-L-sCy5 resulted in similar features (Figure S2.2). 

Incubation of SH-SY5Y cells with both 2AT-L-sCy3 and 2AT-L-sCy5 also resulted in similar 

features (Figure 2.5). Merged images, showing both the green (2AT-L-sCy3) and red (2AT-L-

sCy5) channels, show a yellow hue, indicating co-localization of the fluorescently labeled 

trimers. Punctate features were observed as early as 5 h after treatment and at concentrations of 

fluorescently labeled 2AT-L as low as 8 nM (Figure S2.3).  

 

 

Figure 2.5 Micrographs illustrating intracellular co-localization of fluorescently labeled 2AT-L 

analogues in SH-SY5Y cells. (A) 2AT-L-sCy5 (red) and Hoechst 33342 nuclear stain (blue). (B) 
2AT-L-sCy3 (green) and Hoechst 33342 nuclear stain (blue). (C) Brightfield image. (D) Merged 

fluorescent images with brightfield image. Cells were incubated with 5 μM 2AT-L-sCy3 and 5 

μM 2AT-L-sCy5 for 6 h at 37°C, counterstained with Hoechst 33342 nuclear stain, and imaged. 

 

The punctate intracellular features observed for the labeled 2AT-L are similar to those 

reported for fluorescently labeled Aβ42, where uptake occurred primarily through endocytosis.39–

46 These studies have shown that Aβ localizes in lysosomes. To assess whether 2AT-L also 

localizes into lysosomes, we performed further experiments using the lysosomal marker 

Lysotracker Green. Treatment of SH-SY5Y cells with Lysotracker Green and either 2AT-L-sCy3 

A B C D
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or 2AT-L-sCy5 showed co-localization, indicating sequestration in the lysosomes (Figure S2.4 

and Figure 2.6). Thus, it appears that the uptake of 2AT-L occurs through endocytosis, in a 

fashion similar to that of Aβ. 

 

 

Figure 2.6 Micrographs illustrating intracellular co-localization of 2AT-L-sCy5 and Lysotracker 

Green in SH-SY5Y cells. (A) 2AT-L-sCy5 (red) and Hoechst 33342 nuclear stain (blue). (B) 
Lysotracker Green (green) and Hoechst 33342 nuclear stain (blue). (C) Brightfield image. (D) 
Merged fluorescent images with brightfield image. Cells were incubated with 5 μM 2AT-L-sCy5 

and 100 nM Lysotracker Green for 6 h at 37°C, counterstained with Hoechst 33342 nuclear stain, 

and imaged. 

 

Previous reports have suggested that oligomerization is a prerequisite for cellular uptake 

of Aβ.47 The covalently stabilized oligomer model 2AT-L is readily taken up by cells and may 

thus serve as a model with which to further study the cellular uptake of Aβ oligomers. To 

continue to probe the assembly state of 2AT-L-sCy3 and 2AT-L-sCy5 and assess for higher-

order oligomer formation, we turned to FRET microscopy. 

FLIM-FRET studies of 2AT-L-sCy3 and 2AT-L-sCy5. We used fluorescence lifetime 

imaging microscopy (FLIM) to further investigate the intracellular puncta observed when 

fluorescently labeled 2AT-L analogues are incubated with cells. FLIM allows the detection of 

FRET and can thus reveal molecular co-localization at a resolution higher than can be achieved 

through confocal microscopy. If 2AT-L molecules bearing FRET partners co-assemble or are 

otherwise in close proximity (< 10 nm), FRET can occur and will manifest as a reduction in 

A B C D
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fluorescence lifetime of the FRET donor through fluorescence quenching.48 Measurement of 

fluorescence lifetimes through FLIM-FRET offers advantages over intensity-based FRET 

measurements, because the measurement of the lifetime is generally independent of the 

concentration of the fluorophores and does not require correction for spectral crosstalk.49 

To assess FRET inside cells, we treated SH-SY5Y cells with either 2AT-L-sCy3 (donor) 

alone or with mixtures of 2AT-L-sCy5 (acceptor) and 2AT-L-sCy3 and looked for decreases in 

the fluorescence lifetime of sCy3 with increasing mole fraction of sCy5. Although 2AT-L-sCy3 

oligomers or 2AT-L-sCy5 oligomers can form, only oligomers containing both 2AT-L-sCy3 and 

2AT-L-sCy5 are expected to show decreased fluorescence lifetime (Figure 2.7A).50 We used the 

phasor approach to analyze changes in fluorescence lifetime of sCy3. In this method, each pixel 

of a FLIM image is transformed to a point on a phasor plot, allowing for simple visualization of 

changes in the donor lifetime in a micrograph and thus facilitating the assessment of FRET.51–54 

Changes in fluorescence lifetime with increases in mole fraction of sCy5 manifest as changes in 

the positions of points on the phasor plot (Figure 2.7B), with greater changes corresponding to a 

greater fraction of molecules undergoing of FRET.51,55,56  

We performed three sets of experiments, in which SH-SY5Y cells were treated with 2AT-

L-sCy3 and 2AT-L-sCy5 in 100:0, 50:50, and 25:75 ratios while maintaining a total concentration 

of 5 μM. For each ratio, we collected 25–26 images of individual cells. We observed the photon 

intensity in the donor channel decrease as the fraction of 2AT-L-sCy5 increased (Figure 2.7C). 

The fluorescence decay from each pixel was determined, and the average from each image was 

plotted onto a phasor plot, with different colors (red, green, and violet) representing the three sets 

of ratios studied (Figure 2.7D,E). The resulting phasor plot shows significant decreases in 
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fluorescence lifetime with increasing fraction of sCy5 and thus provides compelling evidence for 

FRET, and hence intimate proximity of 2AT-L-sCy3 and 2AT-L-sCy5 in the cells. 

The fluorescence lifetimes measured in FLIM-FRET can also be represented as a heat map, 

with each pixel of an image colored to reflect its relative fluorescence lifetime. We have thus 

represented the distribution of fluorescence lifetimes on three representative images at the 100:0, 

50:50, and 25:75 ratios, with red representing the longest lifetimes and violet representing the 

shortest lifetimes, and colors ranging from orange to blue representing intermediate lifetimes 

(Figure 2.7F). The shift from red toward violet across the series of images reflects the decrease in 

fluorescence lifetime with increasing fraction of 2AT-L-sCy5 and further demonstrates that FRET 

increases with the addition of sCy5. Collectively, these FLIM-FRET experiments provide further 

evidence that 2AT-L-sCy3 and 2AT-L-sCy5 co-oligomerize in cells. 
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Figure 2.7 Phasor analysis of FLIM micrographs of SH-SY5Y cells treated with 2AT-L-sCy3 and 

2AT-L-sCy5. Oligomeric assemblies of 2AT-L-sCy3 and 2AT-L-sCy5 within cells were analyzed 

by FLIM-FRET and the phasor approach. (A) Representation of the co-assembly of 2AT-L-sCy3 
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(donor) and 2AT-L-sCy5 (acceptor) and the occurrence of FRET. (B) Representation of the phasor 

transformation of FLIM images. Fluorescence lifetime of each pixel of each image is analyzed and 

plotted on a phasor plot. When FRET occurs, the excited state lifetime of the donor decreases and 

the phasor position shifts towards shorter lifetimes. The curved FRET trajectory (dotted line) 

follows the classical definition of FRET efficiency and is influenced by the background 

fluorescence lifetime. (C) Representative images showing photon intensity of SH-SY5Y cells 

treated with 2AT-L-sCy3 and 2AT-L-sCy5 in 100:0, 50:50, and 25:75 ratios. Images were 

acquired in the donor (sCy3) channel. Scale bar = 5 μm. (D) Phasor plot illustrating the average 

phasor position in each image. Images collected for the 100:0 ratio are represented by red points 

and correspond to unquenched donor (Dunq). Images collected for the 50:50 ratio are represented 

by green points. Images collected for the 25:75 ratio are represented by violet points and 

correspond to increased donor quenching (Dq). (E) Detail of phasor plot in D. Average phasor plot 

positions (±SD) from each image. (F) Representative images of SH-SY5Y cells with false color 

illustrating fluorescence lifetime. Longer fluorescence lifetimes are represented in red and orange, 

while shorter fluorescence lifetimes reflecting increased FRET are represented progressively in 

yellow, green, blue, and violet. 

 

SUMMARY AND CONCLUSIONS 

Our covalently stabilized Aβ-derived trimers mimic some of the assembly and biological 

properties of Aβ oligomers. In the crystal state, 2AT-L and homologue 4AT-L assemble to form 

ball-shaped dodecamers. In the membrane-like environment of SDS-PAGE, 2AT-L dodecamers 

are also observed but appear to be in equilibrium with oligomers ca. 2–5 trimers in size. Labeling 

2AT-L with sCy3 and sCy5 appears to attenuate assembly in SDS-PAGE, with 2AT-L-sCy3 and 

2AT-L-sCy5 migrating mainly as hexamers. Native IM-MS of 2AT-L identifies discrete 

hexamers and nonamers in solution. Native IM-MS of 2AT-L-sCy3 and 2AT-L-sCy5 shows 

similar oligomer formation to 2AT-L.57 

Steady-state FRET experiments also show that 2AT-L-sCy3 and 2AT-L-sCy5 form 

oligomers in solution. Fluorescence microscopy shows that 2AT-L-sCy3 and 2AT-L-sCy5 form 

intracellular puncta in SH-SY5Y cells, which co-localize with a lysosomal marker, suggesting an 

uptake mechanism through endocytotic vesicles that is consistent with previous studies of Aβ.45 
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FLIM studies and phasor analysis establish the occurrence of FRET within cells treated with 

both 2AT-L-sCy3 and 2AT-L-sCy5,  suggesting oligomerization within cellular vesicles. 

The aggregation of Aβ to form oligomers is difficult to study in detail due to the 

complexity of the different species that form and the propensity of Aβ to ultimately form 

insoluble fibrils. Constraint of an Aβ-derived peptide into a stable trimer, 2AT-L, provides a 

model system that is easier to study and can be explored by a variety of biophysical and 

biological techniques. While X-ray crystallography provides a simple answer that assemblies of 

dodecamers form in the crystal state, the behavior in the solution state is more complex. SDS-

PAGE shows multiple oligomeric states in equilibrium but does not allow the identification of 

discrete oligomers. Native IM-MS, on the other hand, allows the identification of individual 

oligomers. Addition of fluorescent labels is required to visualize the interactions of 2AT-L in 

cells, although SDS-PAGE shows that these labels can alter the oligomerization, at least 

somewhat. FLIM-FRET experiments with phasor analysis allow the observation of 

oligomerization of the labeled 2AT-L in cells. Collectively, the application of multiple 

complementary techniques helps better elucidate the complex behavior of the 2AT-L model 

system. We anticipate that these techniques may also be useful for understanding the yet more 

complex oligomerization of Aβ. 
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MATERIALS AND METHODS  

Peptides 2AM-L, 2AM-LCC, and 2AT-L were synthesized by procedures analogous to those 

described previously.18 SDS-PAGE and silver staining were performed as described previously.20 

Procedures detailing the preparation of 2AT-L-sCy3 and 2AT-L-sCy5, native mass spectrometry 

studies, steady-state FRET experiments, fluorescence microscopy, and FLIM-FRET can be 

found in the Supporting Information. 
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Figure S2.1 Micrographs illustrating intracellular localization of 2AT-L-sCy3 in SH-SY5Y 

cells. (A) 2AT-L-sCy3 (green) and Hoechst 33342 nuclear stain (blue). (B) Brightfield image. 

(C) Merged fluorescent image with brightfield image. Cells were incubated with 5 μM 2AT-L-

sCy3 for 6 h at 37°C, counterstained with Hoechst 33342 nuclear stain (blue), and imaged. 
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Figure S2.2 Micrographs illustrating intracellular localization of 2AT-L-sCy5 in SH-SY5Y 

cells. (A) 2AT-L-sCy5 (red) and Hoechst 33342 nuclear stain (blue). (B) Brightfield image. (C) 
Merged fluorescent image with brightfield image. Cells were incubated with 5 μM 2AT-L-sCy5 

for 6 h at 37°C, counterstained with Hoechst 33342 nuclear stain (blue), and imaged. 
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Figure S2.3 Merged fluorescent and brightfield micrographs of SH-SY5Y cells treated with 7.8–

500 nM 2AT-L-sCy3. Cells were incubated with 2AT-L-sCy3 overnight at 37°C and imaged.  
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Figure S2.4 Micrographs illustrating intracellular co-localization of 2AT-L-sCy3 and 

Lysotracker Green in SH-SY5Y cells. (A) 2AT-L-sCy3 (red). (B) Lysotracker Green (green). 

(C) Brightfield cell image. (D) Merged fluorescent images with brightfield image. Cells were 

incubated with 5 μM 2AT-L-sCy3 and 100 nM Lysotracker Green for 6 h at 37°C, 

counterstained with Hoechst 33342 nuclear stain (blue), and imaged. 
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Figure S2.5 Fractional intensity of Dq (fq) in all conditions. Fractional intensity is related to the 

molar fraction and the quantum yield. A shift to increasing values along the x axis is 

representative of an increase of the fraction of donor undergoing FRET. 
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Figure S2.6 Phasor plot of every pixel from all images in each set of conditions creating a cloud. 

The red color indicates an increased density of pixels and blue-shifted colors indicate fewer 

pixels in that position on the phasor plot. Clouds between conditions shift, indicating FRET. 
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General Information1 

All Fmoc-protected amino acids including the unnatural amino acid, Boc-

ornithine(Fmoc)-OH, were purchased from Chem-Impex or Anaspec. 2-Chlorotrityl chloride 

resin was purchased from Chem-Impex. Trifluoroacetic acid (TFA), and HPLC grade acetonitrile 

(MeCN) were purchased from Fischer Scientific. Water was purified to 18 MΩ with a 

ThermoFisher Barnstead Nanopure water purification system. All other solvents and chemicals 

were purchased from Alfa Aesar and Sigma Aldrich. All amino acids, resins, solvents, and 

chemicals were used as received, with the exception that dichloromethane (DCM) and N,N-

dimethylformamide (DMF) were dried by passage through dry alumina under argon. Analytical 

HPLC chromatograms were obtained using an Agilent 1260 Infinity II HPLC equipped with 

Phenomenex bioZen C18 column (150 mm × 4.6 mm, 2.6 μm particle size). HPLC grade 

acetonitrile (ACN) and 18 MΩ deionized water, each containing 0.1% trifluoroacetic acid, were 

used as the mobile phase running at 1 mL/min flow rate. Peaks for peptides without fluorophores 

were detected at 214 nm. Sulfo-cyanine3 labeled peptides were detected at 548 nm and sulfo-

cyanine5 labeled peptides were detected at 646 nm in addition to 214 nm. All peptides were 

monitored using the provided HPLC OpenLAB software.  

Semi-preparative scale purification of fluorescently labeled peptides was done using an 

Agilent Zorbax 300SB-C18 semi-preparative column (9.4 mm x 250 mm, 5 µm particle size) 

with a ZORBAX 300SB-C3 preparative guard column (9.4 x 15 mm) on a Rainin Dynamax 

HPLC with a flow rate of 5.0 mL/min. The C18 column and the guard column were heated to 60 

°C in a water bath. Elution was monitored at 214 nm with the accompanying DA Rainin HPLC 

software. Liquid chromatography-mass spectrometry was performed using a Waters Xevo XS 

UPLC-QTOF. Spectra were analyzed using the accompanying Waters MassLynx software. 
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Synthesis of the Macrocyclic Peptide 2AM-L and 2AT-L 

Synthesis of peptide 2AM-L and 2AT-L followed the previously outlined procedure of 

4AM-L and 4AT-L.2 

 

Synthesis of fluorescently labeled 2AT-L 

2AT-L is labeled by treatment with 0.05 molar equivalents of sulfo-cyanine3 (sCy3) or 

sulfo-cyanine5 (sCy5) NHS esters as follows: 5 mg of NHS-ester sulfo-cyanine3 and NHS-ester 

sulfo-cyanine5 were purchased from Lumiprobe. The powder was dissolved in water and was 

transferred into Eppendorf in 17 μg aliquots of fluorophore. The tubes were immediately frozen 

and then lyophilized. A 75 mM sodium carbonate buffer solution was prepared gravimetrically 

and the pH was adjusted to 9.6. A 10 mg/mL solution of 2AT-L was prepared gravimetrically by 

dissolving the lyophilized trimer in the appropriate amount of 18 MΩ deionized water. 300 μL of 

10 mg/mL stock solution was added to a fresh Eppendorf tube. 700 μL of carbonate buffer 

solution was added to the Eppendorf tube for a total volume of 1 mL. Lyophilized fluorophore 

was added to the reaction mixture by transferring 100 μL of solution into one aliquot of 

lyophilized fluorophore. The fluorophore was dissolved and the solution was transferred back to 

the larger reaction mixture. The reaction mixture was protected from light with black felt and 

rocked gently for 1 h. After 1 h, the reaction mixture was directly injected onto an RP-HPLC.  

Semi-preparative scale purification of the fluorescently labeled peptides was done using 

an Agilent Zorbax 300SB-C18 semi-preparative column (9.4 mm x 250 mm, 5 µm particle size) 

with a ZORBAX 300SB-C3 preparative guard column (9.4 x 15 mm) on a Rainin Dynamax 

HPLC with a flow rate of 5.0 mL/min. The C18 column and the guard column were heated to 60 

°C in a water bath and were eluted over a gradient of 20–45% MeCN over 80 min. Elution was 
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monitored at 214 nm with the accompanying DA Rainin HPLC software. Liquid 

chromatography-mass spectrometry was performed using a Waters Xevo XS UPLC-QTOF. 

Spectra were analyzed using the accompanying Waters MassLynx software. Pure fractions were 

concentrated by rotary evaporation and lyophilized. The purified labeled trimers were 

characterized by analytical HPLC and liquid chromatography-mass spectrometry. The fractions 

containing unlabeled 2AT-L were concentrated for subsequent use. 

Stock solutions of fluorescently labeled analogues were prepared spectrophotometrically. 

Lyophilized peptide was dissolved in 18 MΩ deionized water and the absorbance was measured 

using the λmax of the respective fluorophore (2AT-L-sCy3 λmax= 548 nm, 2AT-L-sCy5 λmax= 646 

nm). The published molar extinction coefficients were used to calculate sample concentration. A 

typical synthesis yielded approximately 150 μL of 1 mg/mL solution. [Labeling 3 mg of trimer 

by this procedure typically permits isolation of ca. 150 μg of singly-labeled trimer 2AT-L-sCy3 

or 2AT-L-sCy5 as the TFA salt.] 

 

SDS-PAGE3 

Solutions of the unlabeled peptides were prepared gravimetrically by dissolving the 

lyophilized peptide in the appropriate amount of 18 MΩ deionized water to achieve a 10 mg/mL 

stock. Stock solutions of the fluorescently labeled peptides were prepared and concentrations 

determined spectrophotometrically as described above. Stock solutions of all peptides were 

diluted with 18 MΩ deionized water to create 50 μM sample solutions.1 μL of 6X SDS-PAGE 

sample loading buffer (G Biosciences) was added per 5 μL sample solution to create working 

solutions. A 5 μL aliquot of each working solution was run on a 16% polyacrylamide gel with a 

4% stacking polyacrylamide gel. The gel was run at a constant 60 volts for approximately 4 h. 
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Reagents and gels for Tricine SDS-PAGE were prepared according to recipes and procedures 

detailed in Schägger, H. Nat. Protoc. 2006, 1, 16–22.4 

Prior to silver staining, a fluorescence image of the gel was obtained using a Gel Doc 

XR+ Gel Documentation System (BioRad) in the Cy3 and Cy5 channels. Staining with silver 

nitrate was then used to visualize the peptides in the gel. Reagents for silver staining were 

prepared according to procedures detailed in Simpson, R. J. Cold Spring Harb. Protoc. 2007.5 

The gel was then silver stained following the procedures previously described.
3
  

 

Steady-state FRET experiments 

Freshly prepared stock solutions of fluorescently labeled trimer analogues were used to 

prepare samples. Each sample ratio was prepared immediately prior to analysis. Samples of 

2AT-L-sCy3 and 2AT-L-sCy5 were prepared to a final volume of 150 μL at a total concentration 

of 5 μM in the following ratios: 100:0, 80:20, 60:40, 50:50, 40:60, 20:80, 0:100. Samples were 

prepared in Eppendorf tubes and transferred to a 10 mm quartz sub-micro fluorometer cell 

(Starna) for analysis. An Agilent Cary Eclipse Fluorescence Spectrophotometer was used to 

excite trimer mixtures at 490 nm record emission spectra. Emission was collected from 555 nm 

to 750 nm with a slit width of 5 nm. Sample emission at 662 nm (maximum emission of sCy5) 

was selected to graph emission output. 

 

Native IM-MS 

Solution of unlabeled trimer was prepared gravimetrically by dissolving the lyophilized 

peptide in the appropriate amount of 18 MΩ deionized water to achieve a 10 mg/mL stock. Stock 

solutions of the fluorescently labeled peptides were prepared and concentrations determined 
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spectrophotometrically as described previously. The stock solutions were diluted to 40 μM in 

400 mM ammonium acetate immediately before each mass spectrometric experiment. A Waters 

SELECT SERIES Cyclic Ion Mobility Spectrometry System6 (cIMS) was used to conduct mass 

spectrometry analysis. Samples were ionized using nanoelectrospray ionization (nano-ESI). 

Nano-ESI glass capillary tips were pulled in-house using a Sutter Instruments P-97 micropipette 

tip puller (Novato, CA). When performing experiments on the cIMS, the cIMS was tuned as 

follows: capillary voltage, 0.4 to 0.6 kV; cone voltage, 20 V; source temperature, 25 ℃; trap CE, 

4 V; transfer CE, 4 V; trap and transfer gas, N2 at 7.0 mL/min; IMS pressure, 1.8 mbar; TW 

static height, 22 V; TW velocity, 375 m/s; pushes per bin, 2. 

 

Cell Culture  

SH-SY5Y neuroblastoma cell cultures (ATCC® CRL-2266TM) were maintained in 1:1 

mixture of Dubelcco’s modified Eagle medium and Ham’s F12 (DMEM:F12) medium 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin and 100 

µg/mL streptomycin at pH 7.4 in a humidified 5% CO2 atmosphere at 37 °C using a Fischer 

Scientific Forma Series 3 Water Jacketed CO2 Incubator. All experiments were performed using 

ca. 60–80% confluent cells on passages ranging from 2–10.  

 

Fluorescence Microscopy7  

Cell Preparation, Treatment, and Imaging. SH-SY5Y cells were plated in an Ibidi µ-

Slide 8 Well Chamber Slide (Ibidi catalog number 80826) at 80,000 cells per well. Cells were 

incubated in 500 µL of a 1:1 mixture of DMEM:F12 media supplemented with 10% fetal bovine 

serum, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37 °C in a 5% CO2 atmosphere and 
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allowed to adhere to the bottom of the slide for 48 hours. A solution of 100 nM of lysotracker-

containing media was prepared by adding Lysotracker Green DND-26 (ThermoFischer) into 

serum-free, phenol red-free 1:1 DMEM/F12 media. Solutions of 2AT-L-sCy3, 2AT-L-sCy5, or 

both were prepared to a final volume of 200 µL and a final concentration of 5 µM in either 

serum-free, phenol red-free 1:1 DMEM/F12 media or serum-free, phenol red-free 1:1 

DMEM/F12 media with Lysotracker Green DND-26.  

After cells were incubated for 48 hours, the media was removed and replaced with 

solutions with fluorescently labeled analogues with and without Lysotracker Green DND-26. 

Control wells were treated with media containing no peptide. The slide was incubated in the 

microscope chamber for 6 hours. media was removed from the well slide containing the cells and 

replaced with 200 μL of 1 µg/mL Hoechst 33342 in serum-free, phenol red-free 1:1 DMEM:F12 

media. After 30 minutes, the Hoechst-containing media was removed and replaced with 200 μL 

of serum-free, phenol red-free 1:1 DMEM:F12 media. The cells were imaged using a Keyence 

BZ-X810 fluorescence microscope. Images were collected with a 60x oil immersion objective 

lens. Micrographs of treated cells were recorded using the DAPI filter cube [excitation 

wavelength = 350/50 nm (325–375 nm) and emission wavelength = 460/50 nm (435–485nm)] 

for Hoechst nuclear marker, the Cy3 filter cube [excitation wavelength = 545/25 nm (532.5–

557.5 nm) and emission wavelength = 605/70 nm (570–640 nm)] for 2AT-L-sCy3, the Cy5 filter 

cube [excitation wavelength = 620/60 nm (590–650 nm) and emission wavelength = 700/75 nm 

(662.5–737.5 nm)] for 2AT-L-sCy5, and the GFP filter cube [excitation wavelength = 470/40 nm 

(450–490 nm) and emission wavelength = 525/50 nm (500–550 nm)] for Lysotracker Green 

DND-26 (ThermoFischer).The image brightness of the channels was adjusted using BZ-X810 

Analyzer software. 
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FLIM-FRET 

Sample Preparation and Imaging. SH-SY5Y cells were plated in an Ibidi µ-Slide 8 Well 

Chamber Slide (Ibidi catalog number 80826) at 80,000 cells per well. Cells were incubated in 

500 µL of a 1:1 mixture of DMEM:F12 media supplemented with 10% fetal bovine serum, 100 

U/mL penicillin, and 100 µg/mL streptomycin at 37 °C in a 5% CO2 atmosphere and allowed to 

adhere to the bottom of the slide for 48 hours. After 48 h, media was removed from the Ibidi µ-

Slide 8 Well Chamber Slide and replaced with 200 μL of 5 μM fluorescently labeled trimer 

solutions prepared in serum-free, phenol red-free DMEM:F12. Cells were incubated with peptide 

solutions for 6 h. Cells were incubated with the following ratios of 2AT-L-sCy3 and 2AT-L-

sCy5: 100:0 (5 μM:0), 50:50 (2.5 μM: 2.5 μM), and 25:75 (1.25 μM: 3.75 μM). After 6 h, the 

media was removed and replaced with 200 μL serum-free, phenol red-free DMEM:F12 media 

and the cells were imaged. 

All FLIM-FRET data was acquired using a two-channel ISS-ALBA5 confocal 

microscope equipped with a white laser source and acusto-optic tunable filter (NKT SuperK 

EXTREME, SuperK SELECT), and a digital frequency domain setup the ISS A320 FastFLIM 

acquisition unit for lifetime measurement. The repetition frequency of the laser is 78 MHz. A 

60x oil immersion objective of 1.2 NA (Olympus) was used for all experiments. Intensity and 

lifetime data were simultaneously acquired by raster-scanning the one-photon laser. sCy3 was 

excited at 490 nm laser selected from the white laser, and a 488/25 dichroic mirror was used to 

separate the fluorescence signal from the laser light. The donor and acceptor signals were split 

between two avalanche photo-diodes detectors (Excelitas Technologies) using a long-pass 640 

nm dichroic mirror. Additionally, bandwidth filters were placed in front of each detector: for 
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2AT-L-sCy3 a 575/50 (donor channel) and for 2AT-L-sCy5 a 679/41 (acceptor channel). Only 

the donor channel was used to analyze FLIM-FRET data. The acceptor channel was used only to 

obtain intensity images to check the presence of sCy5. The pixel frame size was set to 256, pixel 

size of 0.097 μm, and the pixel dwell time was set to 16 μs/pixel. For each FLIM experiment, 20 

frames were integrated. All images accumulated contained from 0 to 2000 photons per pixel. 

Calibration of the system and phasor plot space was performed by measuring coumarin 6 (in 

ethanol), which has a known single-exponential lifetime of 2.4 ns. 

Data Processing-Phasor Transformation. The FLIM data was collected and processed 

using the SimFCS software developed at the Laboratory for Fluorescence Dynamics (LFD) 

(available at https://www.lfd.uci.edu/). The FLIM data was analyzed using the phasor 

approach.9–12 The intensity decays collected from each pixel of the image was transformed to the 

phasor plot using a fast Fourier transformation. The sine and cosine components are plotted 

against each other in the phasor plot, where the intensity decay from each pixel is transformed to 

a coordinate value, expressed by G (cosine) and S (sine). The uncertainty and hence the spread of 

the phasors position depends on the number of counts in each pixel. A background correction of 

40 counts/pixel was employed using the intensity histogram. The extent of the autofluorescence 

signal was determined was determined by measuring cells without the presence of fluorophores 

using the same cell preparation as that of the treated samples and was ~ 3% of the total signal. 

The G and S value for the phasor position corresponding to every single cell (each FLIM 

image) was determined from the center of the distribution of the phasor points from that cell 

using the method described before.13 The phasor distribution of the of the donor only cells 

(unquenched, Dunq) were determined using cells incubated with 2AT-L-sCy3. The occurrence of 

FRET was analyzed in the phasor plot by quantifying the phasor shift occurring between the 
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donor only and the donor in the presence of acceptor (Dq). The FRET trajectory for the donor is 

curved as the donor lifetime is gradually quenched by the FRET process. The shape of the FRET 

trajectory and deviation from the linear combination between the donor only and donor-acceptor 

phasor positions is dependent on the contribution from background. The measurement of 

autofluorescence under the same excitation wavelength is required for the calculation of the 

trajectory.14 

Each pixel of an image can contain donor only, donor-acceptor, or a combination of 

different fractions of donor (fq) and donor-acceptor (funq). Hence, the resulting phasor appears 

along the line joining the phasor positions of the donor and donor-acceptor at a distance from 

Dunq that is proportional to the fraction of interacting donors fq.15,16 This can become curved if 

the donor only and donor-acceptor samples have different amount of fractional intensity 

contribution from the autofluorescence as donor-acceptor sample can be less fluorescent. In our 

experiments the donor only and donor-acceptor phasor positions were located along a line, not in 

the curved trajectory, due to the very small amount of autofluorescence and can be expressed as 

a simple liner combination of Dq and Dunq and not a curved trajectory. The fractional intensity of 

interacting donors fq was calculated using linear additive properties of phasor plot.13,16 

Phasor transformation was performed using SimFCS. The fluorescence lifetime decay 

curve !(t) in every pixel of a FLIM image is transformed into phasor plot coordinates according 

to: 

" = ∫ "($) &'(()*$)+$!
"

∫ "($)+$!
"

        (Eq 1) 

$ = ∫ 	"($) -.&()*$)	+$!
"

∫ 	"($)	+$!
"

       (Eq 2) 
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where ω is the laser repetition angular frequency (2πf), the harmonic number % represents the 

integer number of whole cycles the trigonometric function has in the repetition period. & is the 

repetition frequency of the laser. 

If the decay curve is single exponential !(() = *+
#$
%  , the Eqs. 1 and 2 can be solved to 

obtain the coordinates of the phasor by: 

, = )*/
01()*/)&      (Eq 3) 

- = 0
01()*/)&      (Eq 4) 

Combining Eqs. 3 and 4 gives the expression ,23 = -2−-23 where the pure decays (single 

exponential) lie, that is represented by a semi-circle in the phasor plot, which is called “universal 

circle”. A phasor corresponding to a long lifetime will appear close to the (0,0) point, meanwhile 

one of short lifetime will appear closer to the point (1,0).  

If the decay curve is a combination of exponential curves !(() = ∑ *2+
#$
%4

0 , the 

coordinates of the phasor plot are the sum of the phasor transformations of the pure components: 

∑ 02,2 =4
0 "        (Eq 6) 

∑ 02-2 =4
0 $       (Eq 7) 

Upper case 1" , $ 3 are the coordinates of our data points, lower case (,2 , -2 ) are the 

unknown coordinates of the pure components and 02 their respective photon fractions. The 

fractions have to add up to unity ∑ 02 =4
0 1. 
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Characterization Data 

Characterization of peptide 2AM-L 

Analytical HPLC trace 
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Signal 1: MWD1 A, Sig=214,4 Ref=off

Peak RetTime Type  Width     Area      Height     Area
  #   [min]        [min]   [mAU*s]     [mAU]        %
----|-------|----|-------|----------|----------|--------|
   1  10.178 MM    0.2374  795.36218   55.83872   6.0593
   2  10.830 MM    0.2522 1.23309e4   814.92358  93.9407
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Mass spectrum of peptide 2AM-L 

Calculated [M+H]+ of peptide 2AM-L: 2173.24 
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Expansion mass spectrum of peptide 2AM-L 

Calculated [M+H]+ of peptide 2AM-L: 2173.24 
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Expansion mass spectrum of peptide 2AM-L 

Calculated [M+H]+ of peptide 2AM-L: 2173.24 
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Characterization of peptide 2AM-LCC 

Analytical HPLC trace 
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Peak RetTime Type  Width     Area      Height     Area
  #   [min]        [min]   [mAU*s]     [mAU]        %
----|-------|----|-------|----------|----------|--------|
   1  10.081 MM    0.1710  445.97171   43.47296   9.7557
   2  10.452 MM    0.2770 4125.44141  248.21205  90.2443
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Mass spectrum of peptide 2AM-LCC 

Calculated [M+H]+ of peptide 2AM-LCC: 2195.14 
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Expansion mass spectrum of peptide 2AM-LCC 

Calculated [M+H]+ of peptide 2AM-LCC: 2195.14 
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Expansion mass spectrum of peptide 2AM-LCC 

Calculated [M+H]+ of peptide 2AM-LCC: 2195.14  
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Characterization of trimer 2AT-L 

Analytical HPLC trace 
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Signal 1: VWD1 A, Wavelength=214 nm

Peak RetTime Type  Width     Area      Height     Area
  #           [min]        [min]      mAU   *s      [mAU   ]       %
-----|---------------|----------|--------------|---------------|----------|
   1   9.428 MM    0.0706  171.36655   40.45287   1.2561
   2   9.697 MM    0.2106 1.34710e4  1066.05396  98.7439
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Mass spectrum of trimer 2AT-L 

Calculated [M+H]+ of trimer 2AT-L: 6577.34 
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Expansion mass spectrum of trimer 2AT-L 

Calculated [M+H]+ of trimer 2AT-L: 6577.34 
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Deconvoluted mass spectrum of trimer 2AT-L 

Exact mass of trimer 2AT-L: 6576.34 
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Deconvoluted mass spectrum of trimer 2AT-L 

Exact mass of trimer 2AT-L: 6576.34 
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Characterization of trimer 2AT-L-sCy3 

Analytical HPLC trace 
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Mass spectrum of trimer 2AT-L-sCy3 

Calculated [M+H]+ of trimer 2AT-L-sCy3: 7175.52 
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Expansion mass spectrum of trimer 2AT-L-sCy3 

Calculated [M+H]+ of trimer 2AT-L-sCy3: 7175.52 
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Deconvoluted mass spectrum of trimer 2AT-L-sCy3 

Exact mass of trimer 2AT-L-sCy3: 7174.52 
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Deconvoluted mass spectrum of trimer 2AT-L-sCy3 

Exact mass of trimer 2AT-L-sCy3: 7174.52 
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Characterization of trimer 2AT-L-sCy5 

Analytical HPLC trace 

min5 10 15 20 25

mAU

0

25

50

75

100

125

150

175

MWD1 B, Sig=646,4 Ref=off (GRETCHEN\GG-FT-2AT-CY5-COMBO.D)

min5 10 15 20 25

mAU

-100

0

100

200

300

400

500

MWD1 A, Sig=214,4 Ref=off (GRETCHEN\GG-FT-2AT-CY5-COMBO.D)

Abs= 214 nm

Abs= 646 nm



90 
 

Mass spectrum of trimer 2AT-L-sCy5 

Calculated [M+H]+ of trimer 2AT-L-sCy5: 7201.54 
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Mass spectrum of trimer 2AT-L-sCy5 

Calculated [M+H]+ of trimer 2AT-L-sCy5: 7201.54 
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Deconvoluted mass spectrum of trimer 2AT-L-sCy5 

Exact mass of trimer 2AT-L-sCy5: 7200.53 
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Deconvoluted mass spectrum of trimer 2AT-L-sCy5 

Calculated mass of trimer 2AT-L-sCy5: 7200.53 

 

 

 

 

 



94 
 

Chapter 3 

 

Isomorphic trimers derived from Aβ exhibit different 
oligomerization and biological properties 
 

Preface to Chapter 3  

Chapter 3 is adapted from a collaborative project that I had the opportunity to work on 

with many colleagues under the leadership of Dr. Adam Kreutzer. This project introduces a new 

crosslinked trimer derived from Aβ, KLT, and details a variety of biophysical and biological 

studies as a comparison to our laboratory’s well-characterized crosslinked trimer, 2AT. The 

design of this new macrocyclic β-hairpin peptide and the corresponding disulfide-stabilized 

trimer was led by Dr. Adam Kreutzer. I supported the optimization of the synthesis and 

purification with a team of undergraduate students. Dr. Kreutzer used X-ray crystallography to 

obtain a high-resolution structure of KLT, and I performed complementary SDS-PAGE 

experiments, which provided further insights into the supramolecular assembly of KLT. To 

continue to explore the differences in toxicity observed by Dr. Kreutzer, I pursued fluorescence 

labeling of the trimers for the purpose of studying the interactions of the trimers with cells by 

fluorescence microscopy. The work culminates with collaborative efforts from the Lai laboratory 

and Chelsea Parrocha to generate monoclonal antibodies against 2AT and KLT and use 

immunohistochemistry to determine if these antibodies recognize biogenic Aβ. 

To delineate contributions, herein I have focused only on studies I have performed 

including SDS-PAGE, cellular cytotoxicity, fluorescence labeling, and fluorescence microscopy. 
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The work presented in Chapter 3 builds upon my previous experience in determining an efficient 

labeling procedure for trimer model systems and optimization of fluorescence microscopy with 

live cells and I am grateful to have had the opportunity to continue to hone these skills in 

contribution to this large collection of studies.  
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INTRODUCTION  

The β-amyloid (Aβ) peptide accumulates in the brains of people with Alzheimer’s 

disease (AD) and has been established as a leading contributor to neurodegeneration.1–5 Aβ 

aggregates, forming smaller molecular weight oligomers and larger, insoluble fibrils. Significant 

evidence suggests oligomers are the primary toxic species and has identified trimers as key 

building blocks to these toxic oligomers.5–12 Aβ oligomers have proven difficult to study as they 

are not a homogeneous species, but instead consist of heterogeneous mixtures of aggregates of 

different shapes and sizes in dynamic equilibrium.13,14 The heterogeneity and metastability of 

oligomers have made them difficult to isolate in sufficient quantity that persist in solution, so the 

elucidation of high resolution structures of oligomers has proven challenging.14,15  

The prevalence of β-sheet rich structures of Aβ, where the central and C-terminal regions 

fold to form a β-hairpin, has been established as important secondary structure of Aβ oligomers 

and fibrils, and the stability of some assemblies has been attributed to this β-turn.13,16,17 However, 

structures of Aβ have demonstrated a great level of polymorphism.13 One structure, published by 

Härd et al., revealed through nuclear magnetic resonance that Aβ17–36 forms a hydrogen-bonded 

antiparallel β-sheet when bound to an affibody. In this structure, the top β-strand of residues 17–

23 and the bottom β-strand of residues 30–36 are linked by residues 24–29 acting as a loop.18 

Alternatively, a structure reported by Tycko et al. revealed through cryo-electron microscopy 

that an endogenous Aβ fibril forms a parallel β-sheet composed of Aβ residues 16–36.19 It is 

hypothesized that the polymorphism of Aβ structures, and specifically the alignment of the β-

strands within the β-hairpin, may give rise to significant differences in the biophysical and 

biological properties of oligomers.20 
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Model systems of stabilized oligomers consisting of fragments of Aβ  have emerged as 

tools to increase the understanding of the biophysical and biological properties of oligomers.21–23 

Our laboratory has previously reported a method to synthesize macrocyclic β-hairpin peptides 

derived from Aβ16–36.24–29 In each β-hairpin, δ-linked ornithine (δOrn) turn units help enforce a 

folded β-hairpin conformation, and an N-methyl amino acid helps block uncontrolled 

aggregation. Macrocyclic β-hairpin 2AM contains residues 17–23 on the top strand and 30–36 on 

the bottom strand while macrocyclic β-hairpin KLM contains residues 16–22 on the top strand 

and 30–36 on the bottom strand.  

In the crystal state, the monomers 2AM and KLM assemble to form respectively named 

2AT and KLT triangular trimers, with adjacent molecules in proximity at each of the 

vertices.30,31 In 2AT, residues 17 and 21 are replaced by cysteines, which allow for covalent 

crosslinks that hold the 2AT trimer together by connecting the monomer subunits at the vertices 

(Figure 3.1A,B). In KLT, residues 30 and 34 are replaced by cysteines, which allow for covalent 

crosslinks that hold the KLT trimer together (Figure 3.1C,D). The crosslinked trimers overcome 

some of the challenges of studying Aβ as they are more stable and homogeneous, and they 

mimic some of the biological properties of Aβ.  

Herein, we describe the synthesis and study of isomorphic trimers 2AT and KLT. We 

compare the solution phase assembly of the trimers by SDS-PAGE and assess their biological 

role through caspase 3/7 activation. We then synthesize fluorescently labeled analogues of 2AT 

and KLT to study the trimers’ interactions with cells by fluorescence microscopy. These studies 

allow the correlation of structure to function through a homogeneous model system and can 

provide further insight into the molecular basis of Alzheimer’s disease. 
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RESULTS AND DISCUSSION 

Synthesis of 2AT and KLT. 2AT was synthesized as previously reported.27 We synthesized 

KLT by Fmoc-based solid phase peptide synthesis using similar procedures to those used to 

prepare 2AT.27 We first prepared macrocyclic peptide KLMCC by solid-phase peptide synthesis 

of the corresponding linear peptide on 2-chlorotrityl resin. Following synthesis, the peptide was 

cleaved from resin and cyclized in solution. The macrocyclic peptide underwent global 

deprotection, ether precipitation, and reversed-phase HPLC (RP-HPLC) yielding KLMCC. 

KLMCC was oxidized at 6 mM in 20% aqueous DMSO for 48 h to form intermolecular disulfide 

bonds. The trimer KLT was isolated from the oxidation reaction by RP-HPLC. Pure fractions 

were lyophilized, yielding KLT as the trifluoroacetate (TFA) salt. 
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Figure 3.1 Chemical structures of β-hairpin peptides and the corresponding trimers. (A) 
Macrocyclic β-hairpin 2AMCC containing Aβ17−23 and Aβ30−36 with cysteine mutations at 

positions 17 and 21. (B) Three 2AMCC β-hairpins form covalently stabilized trimer 2AT through 

disulfide bonds. (C) Macrocyclic β-hairpin KLMCC containing Aβ16−22 and Aβ30−36 with cysteine 

mutations at positions 30 and 34. (D) Three KLMCC β-hairpins form covalently stabilized trimer 

KLT through disulfide bonds. 
 

Assembly of 2AT and KLT by SDS-PAGE. We used SDS-PAGE to investigate the 

oligomerization of 2AT and KLT in solution. In the presence of SDS, silver staining of the gel 

reveals that 2AT and KLT migrate differently (Figure 3.2). Trimer 2AT forms a less intense 

band at a molecular weight consistent with a trimer (~5.3 kDa) and a much more intense band 
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spanning 22 kDa and 12 kDa. The diffuse shape of this band shows downward streaking, 

becoming less intense as it approaches the 12 kDa marker band.  The streaking of this band 

suggests the equilibrium of multiple oligomers of ca. 2–4 trimers in size. In contrast, trimer KLT 

shows a much more diffuse band beginning above the 40 kDa marker band and streaking down 

to ca. 12 kDa, where a more compact band is observed. 1AT, a previously reported trimer from 

our group, forms an oligomer made up of 2 trimers.27 Comparing 1AT to the compact band of 

KLT at 12 kDa, it is likely that this oligomer of KLT is made up of 3 trimers. These oligomers 

are consistent with observed Aβ oligomers that include trimers, hexamers, nonamers and 

dodecamers.6,32–34  

 

 

Figure 3.2 Silver-stained SDS-PAGE of trimers KLT, 1AT, and 2AT. SDS-PAGE was 

performed in Tris buffer at pH 6.8 with 2% (w/v) SDS on a 16% polyacrylamide gel with 5 μL 

of 30 μM solutions of trimer in each lane. 

 

Investigating the cytotoxicity of 2AT and KLT. To explore whether or not the oligomerization 

differences observed by SDS-PAGE affected the trimers biological activity, we assessed cellular 
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cytotoxicity. Previous studies of Aβ have demonstrated that oligomers with similar sizes but 

different conformations can have significantly different toxicity profiles.35 We hypothesized that 

2AT and KLT may also show differences in toxicity. Aβ has been shown to be toxic to cells 

through many mechanisms, one of which being the activation of the caspase-3/7 pathway, 

indicating apoptosis and resulting in a decrease in cell viability. For this reason, we chose to 

investigate toxicity by measuring caspase 3/7 activation. SH-SY5Y cells were incubated with 

varying concentrations of 2AT and KLT for 72 hours before cell death was measured. Results 

showed a significant increase in caspase 3/7 activation from trimer 2AT in a dose-dependent 

fashion compared to trimer KLT, which showed minimal toxicity and no dose dependence 

(Figure 3.3). This difference may begin to reveal how the different Aβ oligomer models have 

different biological interactions.  

 

Figure 3.3 Caspase 3/7 activation assay (Promega) of 2AT and KLT. SH-SY5Y cells were 

treated with 2AT and KLT at concentrations of 50 μM, 25 μM, 12.5 μM, 6.3 μM, and 3.1 μM for 

72 h. A solution of 2.5 μM staurosporine was used as a positive control and the vehicle (water) 

was used as a negative control. 
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Preparation of fluorescently labeled 2AT and KLT analogues. To further investigate the 

different interactions of 2AT and KLT with mammalian cells, we prepared fluorescently labeled 

2AT and KLT analogues to use in fluorescence microscopy. We hypothesized that labeling the 

monomer subunits with a fluorophore prior to oxidation into the disulfide-linked trimer would 

prevent the formation of trimers in solution. Therefore, we approached the process of 

fluorescence labeling following the isolation of pure trimer. However, each trimer contains 

multiple reactive amines, allowing for the potential of multiple fluorophores to be conjugated via 

NHS-ester chemistry. We anticipated that the addition of multiple fluorophores to the trimer 

would begin to inhibit the self-assembling behavior unique to these trimers. Therefore, we 

refined a procedure to append one single fluorophore onto the trimer.  

We developed a procedure in which excess molar equivalents of 2AT is treated with the 

commercially available sulfo-cyanine3 (sCy3) ester in a molar ratio of 20:1 trimer to 

fluorophore. The singly-labeled trimer (2AT-sCy3) is isolated by RP-HPLC, and the unlabeled 

trimer is collected and recycled. The reaction was then repeated to generate sCy3 labeled KLT 

(KLT-sCy3).  

 

Fluorescence microscopy of 2AT-sCy3 and KLT-sCy3. We performed live-cell fluorescence 

microscopy to visualize the interactions of 2AT and KLT with cells to perhaps provide insight 

into the differences in cytotoxicity observed. SH-SY5Y cells were incubated either 2AT-sCy3 or 

KLT-sCy3 at a concentration of 1 μM for 8 h. Cells were then counterstained with Hoechst 

33342 nuclear stain (blue), washed with phenol red-free DMEM:F12 media, and imaged. 

Fluorescence micrographs were collected with observed emission in the Cyanine3 channel to 

visualize the labeled trimers. 
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Fluorescence microscopy revealed key differences in the cellular interactions of 2AT and 

KLT. When SH-SY5Y cells are incubated with 2AT-sCy3, we observe the accumulation of 

2AT-sCy3 as bright, intracellular puncta (Figure 3.4). The appearance of intracellular puncta was 

consistent with previous reports of Aβ which localized into late stage endosomes and lysosomes. 

 

 

Figure 3.4 Micrographs illustrating intracellular localization of fluorescently labeled 2AT-sCy3 

in SH-SY5Y cells. (A) 2AT-sCy3 (green). (B) Brightfield image. (C) Merged fluorescence and 

brightfield images. Cells were incubated with 1 μM 2AT-sCy3 for 8 h at 37°C, counterstained 

with Hoechst 33342 nuclear stain (blue), and imaged. 

 

When SH-SY5Y cells are incubated with 2AT-sCy3 and the lysosomal marker Lysotracker 

Green, the 2AT-sCy3 puncta appear to co-localize with the marker, suggesting sequestration into 

the lysosomes (Figure 3.5). This observation of bright puncta localized to the lysosomes is 

consistent with previous reports of Aβ and is indicative of an endocytotic uptake mechanism.36–38  
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Figure 3.5 Micrographs illustrating intracellular co-localization of 2AT-sCy3 and Lysotracker 

Green in SH-SY5Y cells. (A) 2AT-sCy3 (green). (B) Lysotracker Green (red). (C) Brightfield 

image. (D) Merged fluorescence and brightfield images. Cells were incubated with 1 μM 2AT-

sCy3 and 100 nM Lysotracker Green for 8 h at 37°C, counterstained with Hoechst 33342 nuclear 

stain (blue), and imaged. 
 

Alternatively, when SH-SY5Y cells are incubated with KLT-sCy3, KLT-sCy3 appears to 

remain extracellular on the plasma membrane with minimal fluorescence observed within the 

cell (Figure 3.6).   
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Figure 3.6 Micrographs illustrating intracellular localization of fluorescently labeled KLT-sCy3 

in SH-SY5Y cells. (A) KLT-sCy3 (green). (B) Brightfield image. (C) Merged fluorescence and 

brightfield images. Cells were incubated with 1 μM KLT-sCy3 for 8 h at 37°C, counterstained 

with Hoechst 33342 nuclear stain (blue), and imaged. 
 

Unsurprisingly, when SH-SY5Y cells are incubated with KLT-sCy3 and the lysosomal marker 

Lysotracker Green, there is little to no co-localization. The lysosomal marker forms intracellular 

puncta and KLT-sCy3 remains on the cellular membrane (Figure 3.7). While the interactions of 

KLT-sCy3 with cells differs considerably from the interactions of 2AT-sCy3 with cells, some 

reported preparations of Aβ have yielded oligomers that behave similarly to KLT-sCy3. In these 

reports, fluorescence microscopy revealed that the preparation of crosslinked oligomers of Aβ 

adhered to the cell membrane and did not show appreciable amounts of internalized 

oligomers.2,39  
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Figure 3.7 Micrographs illustrating the absence of co-localization of KLT-sCy3 and Lysotracker 

Green in SH-SY5Y cells. (A) 2AT-sCy3 (green). (B) Lysotracker Green (red). (C) Brightfield 

image. (D) Merged fluorescence and brightfield images. Cells were incubated with 1 μM 2AT-

sCy3 and 100 nM Lysotracker Green for 8 h at 37°C, counterstained with Hoechst 33342 nuclear 

stain (blue), and imaged. 
 

We then wanted to investigate the incubation of 2AT and KLT together with cells to 

determine if the two oligomer models would interact. To do this, we used the established 

labeling procedure to synthesize 2AT labeled with sulfo-cyanine5 (2AT-sCy5). We treated SH-

SY5Y cells with 1 μM KLT-sCy3 and 1 μM 2AT-sCy5 for 8 h. Cells were then counterstained 

with Hoechst 33342 nuclear stain (blue), washed with phenol red-free DMEM:F12 media, and 

imaged. When 2AT-sCy5 and KLT-sCy3 are co-incubated, 2AT-sCy5 appears to form fewer 
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intracellular puncta; instead, it appears to co-localize on the membrane with KLT-sCy3 (Figure 

3.8). This co-localization may indicate an interaction occurring between the two oligomer 

models in which the presence of KLT affects the uptake of 2AT. While some studies have 

suggested that the interactions of different oligomers can have an overall protective effect, 

further investigation of these oligomer interactions would be required to determine the 

significance of the observed co-localization.33 

 

Figure 3.8 Micrographs illustrating localization of KLT-sCy3 and 2AT-sCy5 in SH-SY5Y cells. 

(A) KLT-sCy3 (green). (B) 2AT-sCy5 (red). (C) Brightfield image. (D) Merged fluorescence 

and brightfield images. Cells were incubated with 1 μM KLT-sCy3 and 1 μM 2AT-sCy5 for 8 h 

at 37°C, counterstained with Hoechst 33342 nuclear stain (blue), and imaged. 
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SUMMARY AND CONCLUSIONS 

Understanding Aβ oligomers is necessary to better understand Alzheimer’s disease. 

Specifically, understanding the relation of structure and function is important to begin to 

elucidate the differences in harmful and benign Aβ species.40 High resolution structures of Aβ 

oligomers have remained elusive because Aβ forms heterogenous mixtures that are metastable. 

Using an Aβ oligomer model system, we can synthesize and study homogeneous mixtures of 

oligomers to improve the correlation of structure to function. Here, we study two oligomer 

models that differ in β-strand registration. By SDS-PAGE, 2AT and KLT both assemble to form 

higher order oligomers. 2AT shows a diffuse band of hexamers, nonamers, and dodecamers in 

equilibrium, while KLT forms a more compact band of nonamers. Species of hexamers, 

nonamers, and dodecamers have all been observed as oligomers formed by Aβ and suggest that 

these model systems recapitulate assemblies of Aβ oligomers.6,32–34 2AT appears to activate the 

caspase 3/7 pathway in SH-SY5Y cells and initiate apoptosis more significantly than KLT, 

which may be due to their different, preferred assemblies observed by SDS-PAGE. Though KLT 

did not show toxicity through the caspase 3/7 pathway, studies of Aβ have demonstrated toxicity 

through multiple mechanisms. Further investigate may reveal KLT elicits toxicity through one of 

these alternative pathways.  

To continue investigate the observed differences in toxicity, we studied fluorescently 

labeled analogues of 2AT and KLT in the presence of SH-SY5Y cells. Fluorescence microscopy 

revealed significantly different interactions of the two oligomer models with cells. 2AT-sCy3 

was readily uptaken and internalized by cells, indicative of endocytosis. In contrast, KLT-sCy3 

remained membrane-bound and did not appear to be internalized. Again, we observed these 

isomorphic trimers recapitulate behavior of different preparations of Aβ oligomers. Aβ 
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oligomers have been reported as both intracellular puncta and membrane bound puncta when 

investigated with fluorescence microscopy.2,36–39 Collectively, these studies of two stabilized Aβ-

derived oligomers provide evidence that the trimers are appropriate models for Aβ oligomers and 

suggest that the alignment of the β-hairpin can have biophysical and biological effects. Future 

studies continue to investigate the biological relevance of these isomorphs through the generation 

of antibodies from these two trimer antigens.  
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General Information1 

All Fmoc-protected amino acids including the unnatural amino acid, Boc-

ornithine(Fmoc)-OH, were purchased from Chem-Impex or Anaspec. 2-Chlorotrityl chloride 

resin was purchased from Chem-Impex. Trifluoroacetic acid (TFA), and HPLC grade acetonitrile 

(MeCN) were purchased from Fischer Scientific. Water was purified to 18 MΩ with a 

ThermoFisher Barnstead Nanopure water purification system. All other solvents and chemicals 

were purchased from Alfa Aesar and Sigma Aldrich. All amino acids, resins, solvents, and 

chemicals were used as received, with the exception that dichloromethane (DCM) and N,N-

dimethylformamide (DMF) were dried by passage through dry alumina under argon. Analytical 

HPLC chromatograms were obtained using an Agilent 1260 Infinity II HPLC equipped with 

Phenomenex bioZen C18 column (150 mm × 4.6 mm, 2.6 μm particle size). HPLC grade 

acetonitrile (ACN) and 18 MΩ deionized water, each containing 0.1% trifluoroacetic acid, were 

used as the mobile phase running at 1 mL/min flow rate. Peaks for peptides without fluorophores 

were detected at 214 nm. Sulfo-cyanine3 labeled peptides were detected at 548 nm and sulfo-

cyanine5 labeled peptides were detected at 646 nm in addition to 214 nm. All peptides were 

monitored using the provided HPLC OpenLAB software.  

Preparative-scale purification of 2AMCC, 2AT, KLMCC, and KLT were done using an 

Agilent Zorbax SB-C18 PrepHT column (21.2 mm x 250 mm, 7 µm particle size) on a Rainin 

Dynamax HPLC with a flow rate of 12.0 mL/min, monitored at 214 nm with the accompanying 

DA Rainin HPLC software. HPLC grade acetonitrile (ACN) and 18 MΩ deionized water, each 

containing 0.1% trifluoroacetic acid, were used as the mobile phase. Semi-preparative scale 

purification of fluorescently labeled peptides was done using an Agilent Zorbax 300SB-C18 

semi-preparative column (9.4 mm x 250 mm, 5 µm particle size) with a ZORBAX 300SB-C3 
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preparative guard column (9.4 x 15 mm) on a Rainin Dynamax HPLC with a flow rate of 5.0 

mL/min. The C18 column and the guard column were heated to 60 °C in a water bath. Elution 

was monitored at 214 nm with the accompanying DA Rainin HPLC software. Liquid 

chromatography-mass spectrometry was performed using a Waters Xevo XS UPLC-QTOF. 

Spectra were analyzed using the accompanying Waters MassLynx software. 

 

Synthesis of the Macrocyclic Peptides 2AMCC and KLMCC 

The synthesis, purification, and characterization of 2AMCC has been reported previously.2 

The synthesis of KLMCC followed procedures similar to those previously reported and involved 

the following sequence of operations: (1) resin loading and capping, (2) solid-phase amino acid 

couplings, (3) cleavage of the linear peptides from the resin, (4) solution-phase cyclization of the 

linear peptides, (5) global deprotection of acid-labile protecting groups, and (6) purification with 

preparative reverse-phase HPLC. Clean fractions were combined and lyophilized. The purified 

peptide was characterized by analytical HPLC and liquid chromatography-mass spectrometry. 

 

Oxidation of Peptide KLMCC to Trimer KLT 

A 6 mM solution of lyophilized peptide was prepared gravimetrically by dissolving the 

peptide in an appropriate amount of 20% (v/v) aqueous DMSO prepared with deionized water. 

The reaction was carried out in a capped 25-mL glass scintillation vial with rocking at room 

temperature for 48 h. After 48 h, the reaction mixture was immediately subjected to RP-HPLC 

purification. Pure fractions were concentrated by rotary evaporation and lyophilized. The 

purified trimer was characterized by analytical HPLC and liquid chromatography-mass 

spectrometry. 
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SDS-PAGE3 

Solutions of the peptides were prepared gravimetrically by dissolving the lyophilized 

peptide in the appropriate amount of 18 MΩ deionized water to achieve a 10 mg/mL stock. 

Aliquots of the 10 mg/mL stock solutions were diluted with 18 MΩ deionized water to create 50 

μM solutions. 1 μL of 6X SDS-PAGE sample loading buffer (G Biosciences) was added per 5 

μL sample solution to create working solutions. A 5 μL aliquot of each working solution was run 

on a 16% polyacrylamide gel with a 4% stacking polyacrylamide gel. The gel was run at a 

constant 60 volts for approximately 4 h. Reagents and gels for Tricine SDS-PAGE were prepared 

according to recipes and procedures detailed in Schägger, H. Nat. Protoc. 2006, 1, 16–22.4 

Staining with silver nitrate was used to visualize the peptides in the SDS-PAGE gel. 

Reagents for silver staining were prepared according to procedures detailed in Simpson, R. J. 

Cold Spring Harb. Protoc. 2007.5 Briefly, the gel was removed from the casting glass and 

rocked in fixing solution (50% (v/v) methanol and 5% (v/v) acetic acid in 18 MΩ deionized 

water) for 20 min. Next, the fixing solution was discarded and the gel was rocked in 50% (v/v) 

aqueous methanol for 10 min. The 50% methanol was subsequently discarded and the gel was 

rocked in 18 MΩ deionized water for 10 min. After the water was discarded, the gel was rocked 

in 0.02% (w/v) sodium thiosulfate in 18 MΩ deionized water for 1 min. The sodium thiosulfate 

was discarded and the gel was rinsed with 18 MΩ deionized water for 1 min (2x). After the last 

rinse, the gel was submerged in chilled 0.1% (w/v) silver nitrate in 18 MΩ deionized water and 

rocked at 4 °C for 20 min. The silver nitrate solution was then discarded and the gel was rinsed 

with 18 MΩ deionized water for 30 s (2x). To develop the gel, the gel was incubated in 

developing solution (2% (w/v) sodium carbonate, 0.04% (w/v) formaldehyde) until the desired 

intensity of staining was reached (~2–5 min). When the desired intensity of staining was reached, 
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the development was stopped by discarding the developing solution and submerging the gel in 

5% aqueous acetic acid. 

 

Cell Culture  

SH-SY5Y neuroblastoma cell cultures (ATCC® CRL-2266TM) were maintained in 1:1 

mixture of Dubelcco’s modified Eagle medium and Ham’s F12 (DMEM:F12) medium 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin and 100 

µg/mL streptomycin at pH 7.4 in a humidified 5% CO2 atmosphere at 37 °C using a Fischer 

Scientific Forma Series 3 Water Jacketed CO2 Incubator. All experiments were performed using 

ca. 60–80% confluent cells on passages ranging from 2–10.  

 

Caspase 3/7 Assay  

SH-SY5Y cells were seeded at 30,000 cells per well in the inner 60 wells of half area 96-

well plates to a total volume of 50 µL using 1:1 DMEM/F12 media supplemented with 10% 

FBS, 100 U/mL penicillin and 100 µg/mL streptomycin at pH 7.4. The outer wells of the plate 

were filled with 100 µL of media without any cells. The cells were incubated for 24 h after 

plating. Prior to treatment, the media of the inner 60 wells was removed by pipet. Solutions of 

the peptides were prepared gravimetrically by dissolving the lyophilized peptide in the 

appropriate amount of 18 MΩ deionized water to achieve a 10 mg/mL stock. From the 10 

mg/mL stock solutions, 50 µM solutions were made by dilution with serum-free, phenol-red free 

1:1 DMEM/F12 media with no added penicillin or streptomycin. 2-fold serial dilutions of the 50 

µM solutions were prepared by diluting with serum-free, phenol-red free 1:1 DMEM/F12 media 

with no added penicillin or streptomycin resulting in solutions with concentrations of 50 µM, 25 



122 
 

µM, 12.5 µM, 6.3 µM, and 3.2 µM. 50 µL of a solution was added to the wells containing cells 

and each treatment was run in triplicate. An additional six wells were used as controls. Three 

wells received a solution of serum-free, phenol-red free 1:1 DMEM/F12 media with 7% 18 MΩ 

deionized water (vehicle, negative control) and the other three wells were left untreated, to be 

subsequently treated with 2.5 µM staurosporine (positive control) 6 h prior to development. Cells 

were incubated for 72 hours. 

After 72 hours, the Caspase 3/7 Assay (Caspase-Glo® 3/7 Assay System, Promega) was 

performed according to the manufacturer’s instructions. Data were collected on a Promega 

GloMax Discover and analyzed.  

 

Synthesis of Fluorescently Labeled 2AT and KLT 

5 mg of NHS-ester sulfo-cyanine3 and NHS-ester sulfo-cyanine5 were purchased from 

Lumiprobe. The powder was dissolved in water and transferred into Eppendorf tubes in 17 μg 

aliquots. Eppendorf tubes containing aliquoted fluorophore were immediately moved to a -80 °C 

freezer and remained overnight. The Eppendorf tubes were then lyophilized.  

A 75 mM sodium carbonate buffer solution was prepared gravimetrically and the pH was 

adjusted to 9.6. A 10 mg/mL solution of 2AT or KLT was prepared gravimetrically by dissolving 

the lyophilized peptide in the appropriate amount of 18 MΩ deionized water. To a clean 

Eppendorf tube, 300 μL of 10 mg/mL solution of trimer was added to 700 μL of 75 mM sodium 

carbonate buffer. 40 μL of the reaction mixture was transferred into an Eppendorf tube 

containing 17 μg of NHS-ester fluorophore. The dissolved fluorophore and reaction mixture was 

transferred back to the larger reaction mixture. The reaction was protected from light with black 

felt and rocked gently for 1 h. After 1 h, the reaction was directly injected onto an HPLC.  
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The fluorescently labeled trimers were purified by semi-preparative reverse-phase HPLC 

using an Agilent Zorbax 300SB-C18 semi-preparative column (9.4 mm x 250 mm, 5 µm particle 

size) with a ZORBAX 300SB-C3 preparative guard column (9.4 x 15 mm) on a Rainin Dynamax 

HPLC with a flow rate of 5.0 mL/min. The C18 column and the guard column were heated to 60 

°C in a water bath. The trimers were eluted from 20–45% over 90 minutes. Elution was 

monitored at 214 nm with the accompanying DA Rainin HPLC software. Pure fractions were 

combined and lyophilized. The purified peptide was characterized by analytical HPLC and liquid 

chromatography-mass spectrometry.  

Stock solutions of fluorescently labeled analogues were prepared spectrophotometrically. 

Lyophilized peptide was dissolved in 18 MΩ deionized water and the absorbance was measured 

using the λmax of the respective fluorophore (2AT-L-sCy3 λmax= 548 nm, 2AT-L-sCy5 λmax= 646 

nm). The published molar extinction coefficients were used to calculate sample concentration. 

 

Fluorescence Microscopy6  

Cell Preparation, Treatment, and Imaging. SH-SY5Y cells were plated in an Ibidi µ-

Slide 8 Well Chamber Slide (Ibidi catalog number 80826) at 80,000 cells per well. Cells were 

incubated in 500 µL of a 1:1 mixture of DMEM:F12 media supplemented with 10% fetal bovine 

serum, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37 °C in a 5% CO2 atmosphere and 

allowed to adhere to the bottom of the slide for 48 hours. A solution of 100 nM of lysotracker-

containing media was prepared by adding Lysotracker Green DND-26 (ThermoFischer) into 

serum-free, phenol red-free 1:1 DMEM/F12 media. Solutions of 2AT-sCy3, KLT-sCy3, or 2AT-

sCy5 were prepared to a final volume of 200 µL and a final concentration of 1 µM in either 
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serum-free, phenol red-free 1:1 DMEM/F12 media or serum-free, phenol red-free 1:1 

DMEM/F12 media with Lysotracker Green DND-26.  

After cells were incubated for 48 hours, the media was removed and replaced with 

solutions of fluorescently labeled analogues with and without Lysotracker Green DND-26. 

Control wells were treated with media containing no peptide. The slide was incubated in the 

microscope chamber for 8 hours. The media was removed from the well slide containing the 

cells and replaced with 200 μL of 1 µg/mL Hoechst 33342 in serum-free, phenol red-free 1:1 

DMEM:F12 media. After 30 minutes, the Hoechst-containing media was removed and replaced 

with 200 μL of serum-free, phenol red-free 1:1 DMEM:F12 media. The cells were imaged using 

a Keyence BZ-X810 fluorescence microscope. Images were collected with a 60x oil immersion 

objective lens. Micrographs of treated cells were recorded using the DAPI filter cube [excitation 

wavelength = 350/50 nm (325–375 nm) and emission wavelength = 460/50 nm (435–485nm)] 

for Hoechst nuclear marker, the Cy3 filter cube [excitation wavelength = 545/25 nm (532.5–

557.5 nm) and emission wavelength = 605/70 nm (570–640 nm)] for 2AT-L-sCy3, the Cy5 filter 

cube [excitation wavelength = 620/60 nm (590–650 nm) and emission wavelength = 700/75 nm 

(662.5–737.5 nm)] for 2AT-L-sCy5, and the GFP filter cube [excitation wavelength = 470/40 nm 

(450–490 nm) and emission wavelength = 525/50 nm (500–550 nm)] for Lysotracker Green 

DND-26 (ThermoFischer).The image brightness of the channels was adjusted using BZ-X810 

Analyzer software. 
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Characterization Data 

Characterization of peptide 2ATCC 

Analytical HPLC trace  
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Signal 1: VWD1 A, Wavelength=214 nm

Peak RetTime Type  Width     Area      Height     Area
  #   [min]        [min]  mAU   *s   [mAU   ]       %
----|-------|----|-------|----------|----------|--------|
   1   4.982 MM    0.0764  288.73434   62.96883   2.7267
   2   8.892 MM    0.0828 8546.16309 1721.23706  80.7065
   3   9.266 MM    0.1569  589.23090   62.61000   5.5645
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Mass spectrum of 2ATCC 

Calculated [M+H]+ of 2ATCC: 1766.93 
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Mass spectrum of 2ATCC 

Calculated [M+H]+ of 2ATCC: 1766.93 
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Characterization of trimer 2AT 

Analytical HPLC trace  
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Peak RetTime Type  Width     Area      Height     Area
  #   [min]        [min]  mAU   *s   [mAU   ]       %
----|-------|----|-------|----------|----------|--------|
   1   9.428 MM    0.0706  171.36655   40.45287   1.2561
   2   9.697 MM    0.2106 1.34710e4  1066.05396  98.7439
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Mass spectrum of 2AT 

Calculated [M+H]+ of 2AT: 5292.74 
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Expansion mass spectrum of 2AT 

Calculated [M+H]+ of 2AT: 5292.74 
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Deconvolution mass spectrum of 2AT 

Exact mass of 2AT: 5291.73 
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Characterization of peptide KLTCC 

Analytical HPLC trace  

 

The observed peak that elutes at 8.927 min is observed when methionine oxidation occurs. 

 

 

 

min2.5 5 7.5 10 12.5 15 17.5 20

mAU

-200

0

200

400

600

800

1000

1200

MWD1 A, Sig=214,4 Ref=off (GRETCHEN\GG-KLT-MONO-COMBO.D)

 8
.9

27

 9
.4

13

 1
0.

21
0

 1
0.

70
7

PMP1, PMP1D, Solvent Ratio B (GG-KLT-MONO-COMBO.D)

Signal 1: MWD1 A, Sig=214,4 Ref=off

Peak RetTime Type  Width     Area      Height     Area
  #   [min]        [min]   [mAU*s]     [mAU]        %
----|-------|----|-------|----------|----------|--------|
   1   8.927 MM    0.0783  595.82605  126.90630   9.6829
   2   9.413 MM    0.0739 5436.47900 1225.67163  88.3493
   3  10.210 MM    0.0537   76.02363   23.57573   1.2355
   4  10.707 MM    0.0583   45.06036   12.88971   0.7323
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Mass spectrum of KLTCC 

Calculated [M+H]+ of KLTCC: 1796.96 
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Mass spectrum of KLTCC 

Calculated [M+H]+ of KLTCC: 1796.96 
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Characterization of trimer KLT 

Analytical HPLC trace 

 

The observed peak that elutes at 8.874 min is observed when methionine oxidation occurs. 
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Peak RetTime Type  Width     Area      Height     Area
  #   [min]        [min]   [mAU*s]     [mAU]        %
-----|---------|------|----------|----------------|---------------|------------|
   1    8.874   MM  0.0815  241.49431      49.37487     9.0355 

   2    9.384   MM  0.0681  2345.10425   574.30060   87.7422
   3  10.691  MM  0.0671  86.12202         21.39272     3.2223
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Mass spectrum of KLT 

Calculated [M+H]+ of KLT: 5382.83 
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Expansion mass spectrum of KLT 

Calculated [M+H]+ of KLT: 5382.83 
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Deconvolution mass spectrum of KL 

Exact mass of KLT: 5381.82 
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Characterization of 2AT-sCy3 

Analytical HPLC trace 
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Mass spectrum of 2AT-sCy3 

Calculated [M+H]+ of 2AT-sCy3: 5890.92 
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Mass spectrum of 2AT-sCy3 

Calculated [M+H]+ of 2AT-sCy3: 5890.92 
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Deconvolution mass spectrum of 2AT-sCy3 

Exact mass of 2AT-sCy3: 5889.91 

 

 



145 
 

Characterization of KLT-sCy3 

Analytical HPLC trace 
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Mass spectrum of KLT-sCy3 

Calculated [M+H]+ of KLT-sCy3: 5980.01 
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Mass spectrum of KLT-sCy3 

Calculated [M+H]+ of KLT-sCy3: 5980.01 
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Deconvolution mass spectrum of KLT-sCy3 

Exact mass of KLT-sCy3: 5979.99 
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Characterization of 2AT-sCy5 

Analytical HPLC trace 
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Mass spectrum of 2AT-sCy5 

Calculated [M+H]+ of 2AT-sCy5: 5916.93 
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Mass spectrum of 2AT-sCy5 

Calculated [M+H]+ of 2AT-sCy5: 5916.93 
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Deconvolution mass spectrum of 2AT-sCy5 

Exact mass of 2AT-sCy5: 5915.93 
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Chapter 4 

  

Investigating the gas- and solution-phase assembly of 
three trimers derived from Aβ 
 

Preface to Chapter 4 

The assays described in Chapter 4 were accomplished with the support of the Wysocki 

laboratory and Prof. Vicki Wysocki. The Wysocki laboratory is a leader in the field of mass 

spectrometry and graciously hosted my visit to their laboratory to learn from the members of 

their group and use their instruments. Graduate student Leon Lin taught me how to use a variety 

of the instruments required for this study and offered his expertise in the evaluation and 

interpretation of the results. I am appreciative of the time he dedicated to training me while 

visiting the group and his ongoing support and troubleshooting as questions arise. 

 

  



154 
 

INTRODUCTION  

Mass spectrometry is a leading analytical tool for the study of complex mixtures, offering 

advantages in its sensitivity and accuracy in mass detection and the ability to analyze 

heterogeneous species that range in size, oligomeric state, and stoichiometry.1–3 Specifically, 

native mass spectrometry (native MS) has emerged as a powerful technique for the study of non-

covalent assemblies as this approach retains native protein structure, including complex 

assemblies, when transferred into the gas phase.3–7 This advancement led to native and other 

mass spectrometry techniques being utilized as powerful complementary tools in structural 

biology for the study of amyloidogenic diseases, including Alzheimer’s disease.8–10  

Aggregation of the β-amyloid peptide (Aβ) is a hallmark of Alzheimer’s disease, where 

monomers of Aβ assemble into β-sheet-rich oligomers and fibrils.11–13 While fibrils can be 

observed as plaques in the brains of people with Alzheimer’s disease, extensive research has 

established soluble Aβ oligomers as the main synaptotoxic species.5,14–20 Of many oligomeric 

species, dimers, trimers, and tetramers have been observed as prevalent endogenous 

oligomers.21–25 Variations in Aβ oligomers are suspected to be of great importance, as structural 

differences have been shown to impact biological activity, but the study of oligomers is 

challenging because oligomers are inherently transient, polymorphic, and heterogeneous.26 

Therefore, the need for techniques that can characterize oligomers without disrupting structure 

are required for a better understanding of the biophysical and biological relevance of Aβ 

oligomers.11  

Many techniques have been utilized to investigate and characterize oligomers of Aβ, each 

with their own advantages and disadvantages. Sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS-PAGE) is a popular tool frequently used to analyze the oligomeric state of 
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Aβ, but reports of SDS-induced oligomer formation have reduced the reliability of SDS-

PAGE.27–30 Nuclear magnetic resonance (NMR) can provide high-resolution structural 

information but the transient nature of oligomer mixtures and the need for higher concentrations 

of each species make this technique challenging to use to characterize complex oligomer 

mixtures.2,31 Similarly, X-ray crystallography can be used to study static complexes, where 

atomic structures are generated at angstrom resolution, but this technique does not capture the 

dynamic nature of oligomers.3,32 Mass spectrometry can provide a snapshot of the equilibrium of 

oligomeric species present in solution, even those of low abundance, but is frequently paired 

with other high resolution structural techniques and biological investigation to elucidate further 

information.3,13 Overall, a combination of complementary, orthogonal techniques is necessary to 

study Aβ oligomers.2,3,11,20 

Important to the structure of oligomers is the propensity for Aβ to adopt a folded 

conformation in which the central and C-terminal regions fold to form a β-hairpin. The β-hairpin 

alignment and the hydrogen bonding contacts created can introduce polymorphism within Aβ 

structures. It is hypothesized these differences may give rise to significant changes in the 

biophysical and biological properties of oligomers.33 Multiple high resolution structures of Aβ 

have been reported that describe β-hairpins with varying alignment, including those detailed by 

Härd et al., Tycko et al., and Carulla et al.34–36 In the structure reported by Härd et al., Val36 is 

across from Leu17; in the structure reported by Tycko et al., Val36 is across from Lys16; and in the 

structure reported by Carulla et al., Val36 is across from Gln15. The differences in these β-hairpin 

alignments may have biological implications but need further investigation. 

The application of model systems have emerged as a tool to study more stable and 

homogeneous mixtures of oligomers to further understand the molecular basis of Alzheimer’s 
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disease. In this study, we use our laboratory’s established synthesis of covalently stabilized 

chemical models derived from Aβ to synthesize three isomorphic β-hairpin peptides based on the 

alignments reported by Härd et al., Tycko et al., and Carulla et al.37–45 We investigate the three 

oligomer models using mass spectrometry, as well as mass photometry, SDS-PAGE, and 

cytotoxicity.  

 

RESULTS AND DISCUSSION 

Design and Synthesis of 2AT, KLT, and QKT. Trimer oligomer models are made up of three 

macrocyclic β-hairpins, in which each β-hairpin is derived from the central and C-terminal 

region of Aβ. Two δ-linked ornithine (δOrn) turn units stabilize two heptapeptide β-strands to 

help enforce a folded β-hairpin conformation, and an N-methyl group is introduced onto the 

peptide backbone to help block uncontrolled aggregation. Crystallographic studies of 

macrocyclic β-hairpins revealed the assembly of triangular trimers, where three monomer 

peptides make up the sides of each triangular trimer, coming into close proximity at the vertices. 

The mutations of residues within each monomer—one at each vertex—to cysteine allows for the 

formation of disulfide-stabilized trimers in solution. Using our lab’s established template, we 

synthesized three isomorphic macrocyclic β-hairpin peptides, 2AMCC, KLMCC, and QKMCC, 

with varying β-sheet alignments (Figure 4.1A,B,C). One β-strand in each peptide is derived from 

Aβ30–36 while the second β-strand introduces variation in alignment. The second β-strand of 

2AMCC is derived from Aβ residues 17–23; the second β-strand of KLMCC is derived from Aβ 

residues 16–22; and the second β-strand of QKMCC is derived from Aβ residues 15–21.  

From these three distinct monomers we synthesized the corresponding stabilized, 

isomorphic trimers, 2AT, KLT, and QKT. Trimers 2AT and KLT were synthesized as previously 
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described.43,46 Trimer QKT was synthesized by similar procedures. First, macrocyclic peptide 

QKMCC was synthesized by solid-phase peptide synthesis of the corresponding linear peptide on 

2-chlorotrityl resin The resulting protected peptide is cleaved from the resin and subjected to 

solution-phase macrocyclization. The macrocycle proceeds through side chain deprotection and 

ether precipitation. The macrocycle QKMCC is purified by reversed-phase HPLC (RP-HPLC) 

and pure fractions are collected and lyophilized. The lyophilized macrocycle is subjected to 

oxidation at 6 mM in 20% aqueous DMSO for 48 h to form disulfide-stabilized trimers. The 

trimers were isolated from the oxidation reaction by RP-HPLC. Pure fractions were lyophilized 

and trimers were isolated as the trifluoroacetate (TFA) salt. 
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Figure 4.1 Chemical structures of β-hairpin peptides derived from the central and C-terminus of 

Aβ. Macrocyclic β-hairpins incorporate an N-methyl residue to prevent uncontrolled aggregation 

and two δOrn turn (blue) mimics to enforce a β-hairpin conformation. Three β-hairpins form 

covalently stabilized trimers through disulfide bonds. (A) 2AMCC. (B) 2AT. (C) KLMCC. (D) 
KLT. (E) QKMCC. (F) QKT. 

 

 

Oligomers of 2AT, KLT, and QKT observed by native MS. After synthesizing trimers 2AT, 

KLT, and QKT, we studied their oligomeric assembly in solution by native MS. Critical to native 

MS is non-disrupting ionization to transfer solution-phase oligomers to the gas phase.4 This is 

typically accomplished by nano-electrospray ionization (nano-ESI) where gentle desolvation and 

instrument conditions are applied for ionization.3,4,47 Additionally, samples are prepared in non-

denaturing electrolyte solutions compatible with mass spectrometry. In this study, samples of 

2AT, KLT, and QKT were prepared at a concentration of 40 μM in 200 mM ammonium acetate 

(AmAc) and run immediately after preparation on a Thermo QExactive Ultra High Mass Range 

(UHMR) Orbitrap MS. Data were analyzed and deconvolved using UniDec.48 

 Analysis of 2AT on the UHMR instrument revealed higher order oligomers form in 

solution. Oligomers of 2AT up to 10-mers (10 trimers) were observed by native MS (Figure 

4.2A,B). Analysis of KLT on the UHMR revealed oligomers of 4-mers (4 trimers), in addition to 

1-mers (1 trimer) (Figure 4.2C,D). In contrast, analysis of QKT revealed only 1-mers (1 trimer) 

in solution and show no evidence of higher order oligomer formation (Figure 4.2E,F). These 

differences in assembly between the three isomorphic trimers may begin to indicate how β-sheet 

alignment may affect structure and higher order oligomer formation. To further investigate the 

oligomers in solution and determine if oligomer formation is time-dependent, we studied the 

three trimers in a time course experiment using native ion mobility mass spectrometry (native 

IM-MS).  
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Figure 4.2 Mass spectra and deconvoluted spectra of three trimers acquired on the UHMR. 

Samples were prepared at 40 μM in 200 mM AmAc and run immediately following preparation. 

(A) Mass spectrum of 2AT. (B) Deconvoluted spectrum of 2AT. (C) Mass spectrum of KLT. (D) 
Deconvoluted mass spectrum of KLT. (E) Mass spectrum of QKT. (F) Deconvoluted mass 

spectrum of QKT. 
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Oligomers of 2AT, KLT, and QKT observed by native IM-MS. We investigated the oligomer 

formation of 2AT, KLT, and QKT over time by native IM-MS. Coupling native mass 

spectrometry to ion mobility spectrometry allows the separation of ions in the gas phase before 

mass analysis. In the ion mobility cell, a traveling wave electric field is applied to carry ions 

through a drift gas, where ions are separated by size, shape, and charge.2,49–51 Ions then exit the 

ion mobility cell and proceed to be analyzed by time-of-flight mass spectrometry where both 

mass-to-charge (m/z) and arrival time are measured.52 The commercialization of a cyclic ion 

mobility device has an increased drift length that provides increased resolution and separation to 

study oligomers.53 Here, we use the Waters SELECT SERIES Cyclic Ion Mobility Spectrometer 

(cIMS) to study the oligomers formed by the three isomorphic trimers.  

 The charging of oligomers by nano-ESI can result in oligomers of different sizes having 

overlapping m/z peaks.3 Using the two dimensional separation of ions provided by IM-MS—

arrival time and m/z—data can be represented in a 2D mobiligram. In a mobiligram, the arrival 

time is plotted against mass-to-charge ratio (m/z), with the relative intensity displayed as a heat 

map. This representation can more easily differentiate oligomers of different sizes even with 

overlapping charge states.   

Samples of 2AT, KLT, and QKT were prepared at 40 μM in 200 mM AmAc and run at 0 

h and 6 h timepoints. Samples were run on the cIMS instrument with instrument conditions kept 

consistent between timepoints. The data were analyzed using Waters Driftscope software. The 

resulting mobiligrams reveal differences in trimer assemblies that vary with time. Mobiligrams 

of 2AT show small differences in the assembly of 2AT between the 0 h and 6 h timepoints. The 

mobiligram at 0 h shows that 2AT forms 2-mers, in addition to the trimer (Figure S4.2A). The 

mobiligram at 6 h shows the emergence of 3-mers as well as 2-mers and the trimer (Figure 
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4.3A). Mobiligrams of KLT show no differences between the 0 h and 6 h timepoints. The 

mobiligram at 0 h shows that KLT forms 2-mers in solution, in addition to the trimer (Figure 

S4.2B). The mobiligram at 6 h again shows that KLT forms 2-mers in solution, in addition to the 

trimer (Figure 4.3B). In contrast, the mobiligram for QKT shows more significant differences 

between the 0 h and 6 h timepoints. The mobiligram at 0 h shows that QKT forms 2- and 3-mers 

in solution, in addition to the trimer (Figure S4.2C|). Interestingly, the mobiligram at 6 h shows 

that QKT forms 2-, 3-, 4-, and 5-mers in solution, in addition to the trimer (Figure 4.3C).  

These results show some time-dependent oligomer formation. QKT shows two new 

oligomers emerge after 6 h whereas 2AT shows one new oligomer emerge after 6 h and KLT 

does not show any new oligomers. In comparison to the native MS results on the UHMR 

instrument, native IM-MS on the cIMS instrument shows some disparity. 2AT forms many 

oligomer species on the UHMR instrument that are not observed on the cIMS instrument. This 

may indicate one set of instrument conditions ionizes 2AT oligomers better than the other. KLT 

shows 4-mers on the UHMR instrument but only up to 2-mers on the cIMS. Alternatively, QKT 

shows no oligomer formation on the UHMR instrument but shows up to 5-mers on the cIMS 

instrument that increased with time. This may indicate QKT preferentially forms oligomers when 

incubated in AmAc solution or is slower to form oligomers than 2AT. Again, we cannot discount 

that one set of instrument conditions ionizes some species better than others. 
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Figure 4.3 Native IM-MS of 2AT, KLT, and QKT after 6 h incubation. (A,B,C) Mobiligrams of 

2AT, KLT, and QKT. Samples of trimers were prepared at a concentration of 40 μM in 200 mM 

AmAc and native IM-MS was performed on a SELECT SERIES Cyclic IMS Q-cIMS-TOF 

(cIMS) instrument (Waters Corporation). Numeric labels indicate the charge state of the 

corresponding oligomeric species.  

 

Oligomers of 2AT, KLT, and QKT observed by mass photometry. With the suspicion that 

ionization may be affecting the oligomeric species we observe from the three isomorphic trimers, 

we sought to use a technique that did not require ionization. Thus, we studied 2AT, KLT, and 

QKT by mass photometry. Mass photometry is a label-free, ionization-free technique that uses 

small quantities of sample to assess the size of assemblies in solution. Mass photometry 

measures assemblies based on light scattering from individual complexes. These complexes 

undergo binding events, where complexes in solution interact with the glass surface on which the 

solution is placed, and results in a change to the refractive index.54 These binding events are 

recorded and the contrast from binding events can be correlated with molecular weight to obtain 

a size distribution of complexes in solution. While complexes below 30 kDa can be difficult to 

resolve, mass photometry can reveal large oligomers in solution that ionization-based mass 

spectrometry may not.  

 Samples of 2AT, KLT, and QKT were prepared at a concentration of 650 nM in 200 mM 

AmAc. Prior to running trimer samples, a protein ladder in 200 mM AmAc was run to establish a 

calibration curve for analysis. Mass photometry analysis of 2AT (5.3 kDa) reveals a distribution 

with a maximum at 31 kDa (Figure 4.4A). This maximum likely indicates oligomers of 6–7 

trimers with a distribution of other oligomers in solution. Mass photometry analysis of KLT (5.4 

kDa) reveals a distribution with a maximum at 43 kDa (Figure 4.4B). This likely indicates 

oligomers of 8 KLT trimers with a distribution of other oligomers in solution. Mass photometry 
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analysis of QKT (5.1 kDa) reveals a distribution with a maximum at 79 kDa (Figure 4.4C). This 

maximum likely indicates oligomers of 15–16 trimers with a wide distribution of other oligomers 

in solution. 

For 2AT, mass photometry analysis reveals species similar to those observed by native 

MS on the UHMR instrument. In contrast, mass photometry shows evidence of much larger 

oligomers of KLT and QKT that were not observed on the UHMR or cIMS instruments. Likely 

there are higher concentrations of smaller oligomers in solution that preferentially ionize and 

prevent the observation of these larger, less prevalent, and less ionizable species by native MS. 

As mass photometry does not well-characterize species under 30 kDa, we are likely not 

observing the higher concentrations of smaller oligomers that dominate in ionization-based 

techniques. To address this, we then used SDS-PAGE as it is a technique that does not require 

ionization but can better characterize smaller oligomers that mass photometry cannot.  

 

Figure 4.4 Distribution of oligomers formed when observed by mass photometry. (A) Oligomer 

distribution from a sample of 650 nM 2AT in 200 mM AmAc with a peak at 31 kDa. (B) 
Oligomer distribution from a sample of 650 nM KLT in 200 mM AmAc with a peak at 48 kDa. 

(C) Oligomer distribution from a sample of 650 nM QKT in 200 mM AmAc with a peak at 79 

kDa. All samples were prepared from 10 mg/mL stock solutions and were run on a Refeyn 

TwoMP instrument. 
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Oligomers of 2AT, KLT, and QKT observed by SDS-PAGE. We explored the assembly of 

2AT, KLT, and QKT by an additional technique that does not require ionization. The assembly 

of trimers was studied in the membrane-like environment of SDS-PAGE. Samples of 2AT, KLT, 

and QKT were prepared to a concentration of 75 μM in water with 2% (w/v) SDS. The trimers 

were then visualized in the gel by silver staining (Figure 4.5). In SDS-PAGE, all trimers 

assemble to form higher-order oligomers. As previously reported, when 2AT (5.3 kDa) is run in 

SDS-PAGE, it forms a downward-streaking band from ca. 26 kDa to ca. 10 kDa and a compact 

band below 10 kDa.43 This migration suggests assembly into oligomers ca. 2–5 trimers in size in 

addition to unassembled trimer (Figure 4.5). As we have previously observed, when KLT (5.4 

kDa) is run in SDS-PAGE, it forms a streaking band from the top of the gel that migrates to just 

under ca. 10 kDa.46 This migration suggests assembly into oligomers ca. 2 trimers in size, likely 

with other larger oligomers in equilibrium. When QKT (5.1 kDa) is run in SDS-PAGE and 

visualized by silver staining, it also forms a streaking band from the top of the gel to ca. 16 kDa. 

In addition to the streaking band, there is a compact band at ca. 26 kDa. This migration likely 

indicates the propensity of QKT to form oligomers ca. 3–4 trimers in size, in addition to other 

larger but less abundant oligomers in equilibrium.  

 Overall, SDS-PAGE reveals the isomorphic trimers all form different higher order 

oligomers in SDS. These differences in assemblies have also been revealed through mass 

spectrometry and mass photometry techniques, though not all techniques converge on the most 

favored oligomers from each isomorph. We continued to investigate the effects of these 

oligomerization differences between the isomorphic trimers on biological interactions through 

cell cytotoxicity.  
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Figure 4.5 Silver stained SDS-PAGE of trimers 2AT, KLT, QKT. SDS-PAGE was performed in 

Tris buffer at pH 6.8 with 2% (w/v) SDS on a 16% polyacrylamide gel with 75 μM solutions of 

trimer in each lane. 

 

Cell viability of SH-SY5Y cells treated with 2AT, KLT, and QKT. To explore the biological 

activity of the three isomorphic trimers, we treated SH-SY5Y cells with each trimer and assessed 

the cell viability after 72 h. In this assay, cell-permeable substrate enters intact cells and is 

cleaved by live-cell proteases to generate fluorescence; therefore, a larger fluorescence output in 

this assay indicates more intact and viable cells. Cells were treated with a 2-fold dilution series 

of 2AT, KLT, and QKT from 50 μM to 1.6 μM. After 72 h, the health of the cells was assessed 

(Figure 4.6). All treated cells show a dose-dependent response to the trimers. Cells treated with 

2AT show the highest level of cell viability and cells treated with KLT show slightly decreased 

levels of cell viability compared to 2AT. QKT shows the lowest levels of cell viability at all 

concentrations.  
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In contrast, when a specific pathway of cytotoxicity is measured, QKT shows the lowest 

level of cytotoxicity (Figure S4.3). In this assay, the activation of a known marker of apoptosis 

(caspase 3/7) is measure. The caspase 3/7 pathway has been shown as one of the pathways by 

which Aβ is toxic.55 The results of this assay suggest more cells undergo apoptosis in the 

presence of 2AT than the other isomorphs. The results of these two assays together suggest QKT 

and KLT may decrease cell viability through other pathways that we have not yet assayed. 

 

Figure 4.6 Promega ApoLive-Glo™ Multiplex Assay of SH-SY5Y cells treated with 2AT, KLT, 

or QKT. Data represent the mean of three replicate wells, with the error bars corresponding to 

the standard deviation. 

 

SUMMARY AND CONCLUSIONS  

Understanding the complex assembly of Aβ oligomers is key to treating Alzheimer’s 

disease. This area of research has placed even more emphasis on the need for tools to study these 

dynamic, polymorphic, and heterogeneous mixtures of oligomers. To mitigate the complexity of 
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these mixtures, the use of a chemical model system of oligomers derived from Aβ and the 

application of multiple orthogonal techniques have been applied.  

The trimers in this study–2AT, KLT, and QKT–are inspired from high-resolution 

structures of Aβ reported by Härd et al., Tycko et al., and Carulla et al. that show shifts in β-

sheet alignment. By native MS on a UHMR instrument, 2AT shows significantly more 

oligomerization than KLT or QKT, but by native IM-MS on a cIMS instrument, QKT shows 

more oligomerization than 2AT or KLT with some time dependence for oligomerization. Mass 

photometry revealed QKT had the largest oligomers in solution, followed by KLT with 

intermediate-sized oligomers, and finally 2AT with the smallest oligomers. Mass photometry 

revealed much larger oligomers for KLT and QKT that were not observed by nano-ESI-based 

mass spectrometry techniques, but correlated with the oligomers of 2AT observed on the UHMR 

instrument. SDS-PAGE showed similar oligomerization trends as mass photometry, where QKT 

and KLT showed streaking bands from the top of the gel indicating larger oligomeric assemblies 

than 2AT. Finally, cell viability studies indicate that cells treated with QKT were less viable than 

cells treated with 2AT or KLT. The results from these studies of Aβ-derived model systems 

reflect studies of Aβ which demonstrated that structure can influence biological function.12 

Excluding native MS data collected on the UHMR instrument, QKT shows the largest 

oligomers in solution and the least viable cells after treatment. Admittedly, not all techniques 

used converge on the most prevalent oligomers formed by each isomorphic trimer and many 

factors could contribute to the observed differences in assembly and toxicity including net charge 

of the trimers. Overall, these studies suggest that structural differences in β-sheet alignment can 

affect the solution-phase assembly and biological interactions of oligomers derived from Aβ but 

also reinforce the need for multiple techniques to accurately characterize oligomers to ultimately 
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better understand the role of Aβ oligomers in the progression of Alzheimer’s disease. Continued 

characterization is ongoing, including efforts to obtain a high-resolution structure by X-ray 

crystallography. 
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MATERIALS AND METHODS  

Peptides 2AT, KLT, and QKT were synthesized by procedures analogous to those described 

previously.43 SDS-PAGE and silver staining were performed as described previously.43 

Procedures for native MS, native IM-MS studies, mass photometry, and cell viability can be 

found in the Supporting Information. 
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Figure S4.1 Liquid chromatograph-mass spectrometry ion chromatogram of the oxidation 

reaction of QKMCC to form QKT in solution. The oxidation reaction of QKMCC in 20% aqueous 

DMSO after 48 h was run on LC-MS and the reaction chromatogram (below) was integrated 

across all peaks to observe the masses of species present. The mass corresponding to [M+5]5+ 

peak of QKT, a peak only present from the trimer species, was extracted from the mass spectrum 

back into the ion chromatogram. This extracted ion chromatogram indicates the retention of the 

trimer peak in context of the reaction mixture.  

Extracted ion chromatogram of m/z 1012 

QKT [M+5H]5+ = 1012.00 

This m/z is unique to the trimer 
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Figure S4.2 Native IM-MS of 2AT, KLT, and QKT after 0 h incubation. (A,B,C) Mobiligrams 

of 2AT, KLT, and QKT. Native IM-MS was performed on a SELECT SERIES Cyclic IMS Q-

cIMS-TOF (cIMS) instrument (Waters Corporation). Numeric labels indicate the charge state of 

the corresponding oligomeric species. Samples of trimers were prepared at a concentration of 40 

μM in 200 mM ammonium acetate.  
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Figure S4.3 Caspase 3/7 assay of SH-SY5Y cells treated with 2AT, KLT, or QKT. Data 

represent the mean of three replicate wells, with the error bars corresponding to the standard 

deviation. 
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General Information1 

All Fmoc-protected amino acids including the unnatural amino acid, Boc-

ornithine(Fmoc)-OH, were purchased from Chem-Impex or Anaspec. 2-Chlorotrityl chloride 

resin was purchased from Chem-Impex. Trifluoroacetic acid (TFA), and HPLC grade acetonitrile 

(MeCN) were purchased from Fischer Scientific. Water was purified to 18 MΩ with a 

ThermoFisher Barnstead Nanopure water purification system. All other solvents and chemicals 

were purchased from Alfa Aesar and Sigma Aldrich. All amino acids, resins, solvents, and 

chemicals were used as received, with the exception that dichloromethane (DCM) and N,N-

dimethylformamide (DMF) were dried by passage through dry alumina under argon. Analytical 

HPLC chromatograms were obtained using an Agilent 1260 Infinity II HPLC equipped with 

Phenomenex bioZen C18 column (150 mm × 4.6 mm, 2.6 μm particle size). HPLC grade 

acetonitrile (MeCN) and 18 MΩ deionized water, each containing 0.1% trifluoroacetic acid, were 

used as the mobile phase running at 1 mL/min flow rate. Peaks for peptides without fluorophores 

were detected at 214 nm. Sulfo-cyanine3 labeled peptides were detected at 548 nm and sulfo-

cyanine5 labeled peptides were detected at 600 nm. All peptides were monitored using the 

provided HPLC OpenLAB software.  

Preparative-scale purification of 2AMCC, 2AT, KLMCC, KLT, QKMCC, and QKT was 

done using an Agilent Zorbax SB-C18 PrepHT column (21.2 mm x 250 mm, 7 µm particle size) 

on a Rainin Dynamax HPLC with a flow rate of 12.0 mL/min, monitored at 214 nm with the 

accompanying DA Rainin HPLC software. HPLC grade acetonitrile (MeCN) and 18 MΩ 

deionized water, each containing 0.1% trifluoroacetic acid, were used as the mobile phase. 

Liquid chromatography-mass spectrometry was performed using a Waters Xevo XS UPLC-

QTOF. Spectra were analyzed using the accompanying Waters MassLynx software. 
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Abbreviations: 

DCM  dichloromethane  

DIPEA  diisopropylethylamine  

DMF  N,N-dimethylformamide  

HATU  N,N,N',N'-tetramethyl-O-(7-azabenzotriazol-1-yl)uronium hexafluorophosphate 

HBTU  N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate 

HCTU  N,N,N',N'-tetramethyl-O-(6-chlorobenzotriazol-1-yl)uraniumhexafluorophosphate 

HFIP  1,1,1,3,3,3-hexafluoro-2-propanol  

HPLC  high-performance liquid chromatography 

HOBt  hydroxybenzotriazole  

HOAt  1-Hydroxy-7-azabenzotriazole 

NMM  N-Methylmorpholine 

MeOH  methanol  

MeCN  acetonitrile  

TFA  trifluoroacetic acid  

TIPS  triisopropylsilane 
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Synthesis of the Macrocyclic Peptides 2AMCC and KLMCC and Trimers 2AT 
and KLT 
 

Peptides 2AMCC and KLMCC were synthesized as previously described.2,3 Oxidation of 

2AMCC and KLMCC to trimers 2AT and KLT was performed as previously described.4,5 

 

Synthesis of the Macrocyclic Peptide QKMCC 

Peptide QKMCC was synthesized in a fashion similar to 2AMCC and KLMCC. Synthesis 

proceeded through the following steps: 

Resin Loading. 2-Chlorotrityl chloride resin (300 mg, 1.2 mmol/g) was added to a Bio-

Rad Poly-Prep chromatography column (10 mL). The resin was suspended in dry DCM (10 mL) 

and allowed to swell for 30 min. The solution was drained from the resin and a solution of Boc-

Orn(Fmoc)-OH (0.50 equiv, 82 mg, 0.18 mmol) in 6% (v/v) 2,4,6-collidine in dry DCM (8 mL) 

was added immediately and was rocked gently for 12 h. The solution was then drained and a 

mixture DCM/MeOH/ DIPEA (17:2:1, 10 mL) was added immediately. The mixture was gently 

rocked for 1 h to cap the unreacted 2-chlorotrityl chloride resin sites. The resin was then washed 

with dry DCM (3x 8 mL) and followed by a wash with dry DMF (3x 8 mL).  The washed resin 

was transferred to a coupling vessel in DMF.  

Peptide coupling. The Boc-Orn(Fmoc)-2-chlorotrityl resin generated from the previous 

step was submitted to cycles of peptide coupling with Fmoc-protected amino acid building 

blocks. Linear peptides were constructed from C- to N-terminus using Fmoc-protected amino 

acids (AAs), with each coupling step comprised of the following; 1) addition of 20% (v/v) 

piperidine in DMF to remove Fmoc from protected N-terminal amines (1 x 5 min.), 2) DMF 

washes (5 x 9 mL), 3) addition of Fmoc-AA-OH (0.75 mmol, 5.0 equiv.) and HCTU (0.68 
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mmol, 4.5 equiv.) in 20% (v/v) 2,4,6-collidine in DMF (6 mL) for peptide coupling (20 min. 

each), 4) repeat cycles from steps 2–4. Once the final AAs were coupled, one last round 

of Fmoc deprotection was conducted as described above. The resin was then removed from the 

coupling vessel and transferred into a Bio-Rad Poly-Prep chromatography column.  

Cleavage of the peptide from the resin. The linear peptide was cleaved from the resin by 

gently rocking the resin for 1 h with a solution of HFIP in DCM. (11.5:3.5, 7 mL). The 

suspension was filtered and the filtrate was collected in a 250 mL round-bottomed flask. The 

resin was washed with additional HFIP in DCM (11.5:3.5, 7 mL). The combined filtrates were 

concentrated by rotary evaporation to give a white solid. The white solid was further dried by 

vacuum pump to afford the crude protected linear peptide, which was cyclized without further 

purification.  

Cyclization of linear peptide. The crude protected linear peptide was dissolved in dry 

DMF (150 mL). HOAt (114 mg, 0.75 mmol, 5 equiv) and HATU (317 mg, 0.75 mmol, 5 equiv) 

were added to the solution. NMM (0.33 mL, 1.8 mmol, 12 equiv) was added to the solution and 

the mixture was stirred under nitrogen for 48 h. The mixture was concentrated by rotary 

evaporation to afford the crude protected cyclic peptide.  

Global deprotection and ether precipitation of the cyclic peptide. The protected cyclic 

peptide was dissolved in TFA/TIPS/H2O (18:1:1, 20 mL) in a 250 mL round-bottomed flask. The 

solution was stirred for 1 h. The reaction mixture was then ether precipitated. 40 mL of cold 

ether was added to 10 mL of the TFA/peptide solution in a 50 mL conical tube. The mixture was 

incubated in an ice bath for 10 min and then centrifuged. The supernatant was decanted and the 

pellet was transferred to a round bottom flask in acetonitrile. The mixture was dried by rotary 
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evaporation. The crude cyclic peptide was immediately subjected to purification by reversed-

phase HPLC (RP-HPLC), as described below.  

Reversed-phase HPLC purification. The peptide was dissolved in H2O and MeCN (8:2, 

10 mL), and the solution was filtered through a 0.2 μm syringe filter and purified by RP-HPLC 

(gradient elution with 20–50% MeCN over 60 min). Pure fractions were concentrated by rotary 

evaporation and lyophilized. Typical synthesis yielded ~50 mg of the peptide as the TFA salt. 

 

Oxidation of Peptide QKMCC to Trimer QKT 

Following purification, peptides with two free thiols from deprotected cysteine residues 

were oxidized in 20% aqueous dimethyl sulfoxide (DMSO). A 6 mM solution of lyophilized 

peptide was prepared gravimetrically by dissolving the peptide in an appropriate amount of 20% 

(v/v) aqueous DMSO prepared with HPLC-grade water. The reaction was carried out in a capped 

25 mL glass scintillation vial with gentle shaking at room temperature for 48. The reaction 

mixture was subjected to RP-HPLC purification (gradient elution with 20-50% MeCN over 60 

min). Pure fractions were concentrated by rotary evaporation and lyophilized. Typical synthesis 

yielded ~3 mg of trimer QKT. 10 mg/mL stock solutions were prepared gravimetrically by 

dissolving 1.0 mg of each compound in 100 µL of 18 MΩ deionized water. 

 

Native Mass Spectrometry 

A freshly prepared 10 mg/mL stock solution of each peptide was prepared by adding the 

appropriate amount of 18 MΩ deionized water to lyophilized peptide. The 10 mg/mL solution of 

each peptide was diluted to 40 μM in 200 mM ammonium acetate immediately before each mass 

spectrometric experiment. Experiments were conducted on a Thermo Q Exactive Ultra High 
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Mass Range (UHMR) Orbitrap MS (Bremen, Germany). All samples were ionized via static 

nanospray ionization using in-house pulled borosilicate capillaries with the electrospray voltage 

applied to a platinum wire in contact with the solution. A capillary temperature of 250 °C was 

applied and a trap gas flow rate of 3–4 was used. The resolution was set to 6k for all complexes 

studied. In-source trapping was set to 60 V or less. The injection flatapole rf was set to 400 V. 

The HCD cell rf amplitude was set to 500 V. The C-trap rf amplitude was set to 2950 V. The 

bent flatapole rf was set to 500 V.  

Spectra were analyzed and deconvoluted using Unidec software with settings as follows: 

m/z range 1000–8000 Th, charge range 1–30, mass range 1500–70000 Da, and smooth charge 

state distributions on. Peak detection range was set to 500 Da and peak detection threshold was 

set to 0.05. Oligomers were identified with the Oligomer and Mass Tools. 

 

Native IM-MS 

A freshly prepared 10 mg/mL stock solution of each peptide was prepared by adding the 

appropriate amount of 18 MΩ deionized water to lyophilized peptide. The 10 mg/mL solution of 

each peptide was diluted to 40 μM in 200 mM ammonium acetate immediately before each mass 

spectrometric experiment. A Waters SELECT SERIES Cyclic Ion Mobility Spectrometry 

System6 (cIMS) was used to conduct mass spectrometry analysis. Samples were ionized using 

nanoelectrospray ionization (nano-ESI). Nano-ESI glass capillary tips were pulled in-house 

using a Sutter Instruments P-97 micropipette tip puller (Novato, CA). When performing 

experiments on the cIMS, the cIMS was tuned as follows: capillary voltage, 0.4 to 0.6 kV; cone 

voltage, 20 V; source temperature, 25 ℃; trap CE, 4 V; transfer CE, 4 V; trap and transfer gas, 



190 
 

N2 at 7.0 mL/min; IMS pressure, 1.8 mbar; TW static height, 22 V; TW velocity, 375 m/s; 

pushes per bin, 2. Spectra were analyzed in Waters Driftscope software. 

 

Mass Photometry 

 Mass photometry samples were prepared fresh before analysis. 10 mg/mL solutions of 

each peptide was diluted to 650 nM in 200 mM ammonium acetate. Microscope cover slips were 

washed with Milli-Q H2O, followed by isopropanol, then dried under nitrogen. Clean gaskets 

were added on top of the cover slip to create wells. Samples of 200 mM ammonium acetate 

containing no peptide were used as controls. NativeMark Unstained Protein Standard (Thermo 

Fisher) in 200 mM ammonium acetate was used as a protein ladder to create a calibration curve. 

NativeMark contains proteins of 1236, 1048, 720, 480, 242, 146, 66, 20 kDa. For each 

acquisition, 20 µL of sample solution was introduced into the well and, following autofocus 

stabilization, movies of 60 s duration were recorded. Data was acquired using a TwoMP mass 

photometer (Refeyn Ltd, Oxford, UK) and analyzed using the associated software.  

 

SDS-PAGE7 

Solutions of the trimers were prepared gravimetrically by dissolving the lyophilized 

peptide in the appropriate amount of 18 MΩ deionized water to achieve a 10 mg/mL stock 

solutions. Stock solutions of all peptides were diluted with 18 MΩ deionized water to create 75 

μM sample solutions.1 μL of 6X SDS-PAGE sample loading buffer (G Biosciences) was added 

per 5 μL of sample solution to create working solutions. A 5 μL aliquot of each working solution 

was run on a 16% polyacrylamide gel with a 4% stacking polyacrylamide gel. The gel was run at 

a constant 60 volts for approximately 4 h. Reagents and gels for Tricine SDS-PAGE were 
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prepared according to recipes and procedures detailed in Schägger, H. Nat. Protoc. 2006, 1, 16–

22.8 

Staining with silver nitrate was then used to visualize the peptides in the gel. Reagents for 

silver staining were prepared according to procedures detailed in Simpson, R. J. Cold Spring 

Harb. Protoc. 2007.9 The gel was then silver stained following the procedures previously 

described.7  

 

Cell Culture  

SH-SY5Y neuroblastoma cell cultures (ATCC® CRL-2266TM) were maintained in 1:1 

mixture of Dubelcco’s modified Eagle medium and Ham’s F12 (DMEM:F12) medium 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin and 100 

µg/mL streptomycin at pH 7.4 in a humidified 5% CO2 atmosphere at 37 °C using a Fischer 

Scientific Forma Series 3 Water Jacketed CO2 Incubator. All experiments were performed using 

ca. 60–80% confluent cells on passages ranging from 2–10.  

 

Cell Viability and Caspase 3/7 Assay 

SH-SY5Y cells were seeded at 30,000 cells per well in the inner 60 wells of half area 96-

well plates to a total volume of 50 µL using 1:1 DMEM/F12 media supplemented with 10% 

FBS, 100 U/mL penicillin and 100 µg/mL streptomycin at pH 7.4. The outer wells of the plate 

were filled with 100 µL of media without any cells. The cells were incubated for 24 h after 

plating. Prior to treatment, the media of the inner 60 wells was removed by pipet. Solutions of 

the peptides were prepared gravimetrically by dissolving the lyophilized peptide in the 

appropriate amount of 18 MΩ deionized water to achieve a 10 mg/mL stock. From the 10 
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mg/mL stock solutions, 50 µM solutions were made by dilution with serum-free, phenol-red free 

1:1 DMEM/F12 media with no added penicillin or streptomycin. 2-fold serial dilutions of the 50 

µM solutions were prepared by diluting with serum-free, phenol-red free 1:1 DMEM/F12 media 

with no added penicillin or streptomycin resulting in solutions with concentrations of 50 µM, 25 

µM, 12.5 µM, 6.3 µM, and 3.2 µM. 50 µL of a solution was added to the wells containing cells 

and each treatment was run in triplicate. An additional six wells were used as controls. Three 

wells received serum-free, phenol-red free 1:1 DMEM/F12 media with 3% of 18 MΩ deionized 

water (vehicle, negative control) and the other three wells were left untreated, to be subsequently 

treated with 2.5 µM staurosporine (positive control) 6 h prior to development. Cells were 

incubated for 72 hours. 

After 72 hours, the caspase 3/7 and cell viability assay (ApoLive-Glo™ Multiplex Assay, 

Promega) was performed according to the manufacturer’s instructions. Data were collected on a 

Promega GloMax Discover and analyzed.  
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Characterization Data 

Characterization of trimer 2AT 

Analytical HPLC trace 
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Signal 1: VWD1 A, Wavelength=214 nm

Peak RetTime Type  Width     Area      Height     Area
  #   [min]        [min]  mAU   *s   [mAU   ]       %
----|-------|----|-------|----------|----------|--------|
   1   9.428 MM    0.0706  171.36655   40.45287   1.2561
   2   9.697 MM    0.2106 1.34710e4  1066.05396  98.7439
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Mass spectrum of trimer 2AT 

 Calculated [M+H]+ of trimer 2AT: 5292.7  

 

[M+4H]4+

[M+5H]5+

[M+6H]6+[M+7H]7+
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Expansion mass spectrum of trimer 2AT 

Calculated [M+H]+ of trimer 2AT: 5292.74 
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Deconvoluted mass spectrum of trimer 2AT 

Exact mass of trimer 2AT: 5291.73 
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Characterization of trimer KLT 

Analytical HPLC trace 

 

 

The observed peak that elutes at 8.874 min is observed when methionine oxidation occurs. 
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Peak RetTime Type  Width     Area      Height     Area
  #   [min]        [min]   [mAU*s]     [mAU]        %
-----|---------|------|----------|----------------|---------------|------------|
   1    8.874   MM  0.0815  241.49431      49.37487     9.0355 

   2    9.384   MM  0.0681  2345.10425   574.30060   87.7422
   3  10.691  MM  0.0671  86.12202         21.39272     3.2223
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Mass spectrum of trimer KLT 

Calculated [M+H]+ of trimer KLT: 5382.83 

 

 

 

[M+3H]3+

[M+4H]4+

[M+5H]5+
[M+6H]6+
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Expansion mass spectrum of trimer KLT 

Calculated [M+H]+ of trimer KLT: 5382.83 
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Deconvoluted mass spectrum of trimer KLT 

Exact mass of trimer KLT: 5381.82 
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Characterization of peptide QKMCC 

Analytical HPLC trace 
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Peak RetTime Type  Width     Area      Height     Area
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----|-------|----|-------|----------|----------|--------|
   1   9.310 MM    0.0541   55.99329   17.23619   1.3227
   2   9.437 MM    0.0648 3954.08936 1017.77539  93.4078
   3  10.148 MM    0.0478  223.06216   77.70994   5.2694
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Mass spectrum of peptide QKMCC 

Calculated [M+H]+ of peptide QKMCC: 1688.01 
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Mass spectrum of peptide QKMCC 

Calculated [M+H]+ of peptide QKMCC: 1688.01 
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Characterization of trimer QKT 

Analytical HPLC trace 
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Mass spectrum of trimer QKT 

Calculated [M+H]+ of trimer QKT: 5055.97 
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Expansion mass spectrum of trimer QKT 

Calculated [M+H]+ of trimer QKT: 5055.97 
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Deconvolution mass spectrum of trimer QKT 

Exact mass of trimer QKT: 5054.97 
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Chapter 5 

  

Knowledge Acquired From My Experience As The  
Mass Spectrometry Fellow at UCI 
 

INTRODUCTION  

Early in graduate school I discovered my passion in mass spectrometry and gathered 

experience serving as the chemistry department Mass Spectrometry Fellow. Under the guidance 

of Director Dr. Felix Grün and protein specialist Benjamin Katz, I learned to troubleshoot and 

maintain all of the instruments in the UCI Mass Spectrometry Core Facility. I also had the 

opportunity to consult with other UCI scientists and advise them on the best sample preparation 

methods and instrument applications to progress their research. Through these experiences, I 

learned that mass spectrometry has applications far beyond simple mass determination and I 

began to apply these techniques in my own research projects. I have distilled the knowledge 

gathered through literature and experience into a simple guide which outlines the types of mass 

spectrometry instruments available in the UCI Mass Spectrometry Core Facility, sample 

preparation requirements and instrument compatibility, and data analysis resources.  

 

5.1 General Principles and Instruments of Mass Spectrometry 

All mass spectrometry follows the same general principle to transfer molecules to the gas 

phase with minimal disruption and acquire a charge to be analyzed using the mass-to-charge 
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ratio (m/z). While numerous separation, ionization, and mass analysis techniques exist, this 

section focuses only on those available in the UCI Mass Spectrometry Core Facility. 

 

5.1.1 In-line separation techniques.  

The instruments in UCI Mass Spectrometry Core Facility offer a variety of in-line 

separation techniques to analyze complex samples. A common form of in-line separation is 

reverse-phase liquid chromatography (LC).1,2 This separation occurs prior to ionization and 

typically runs a combination of water and acetonitrile to elute sample off of a non-polar column 

in order of least hydrophobic to most hydrophobic. Another type of in-line liquid 

chromatography, known as size exclusion chromatography (SEC), allows large proteins and 

complexes to stay intact while separating components by size.3 By SEC, larger molecules or 

complexes elute first followed by smaller molecules or smaller complexes. In-line SEC must be 

paired with a mass spectrometry-compatible solvent, which is most frequently ammonium 

acetate electrolyte solution.4 When these chromatographic methods are paired with mass 

spectrometry, the instrument is known as an LC-MS. 

Two types of gas-phase separation are available in the UCI Mass Spectrometry Core 

Facility. Gas chromatography (GC) separates vaporized molecules in a sample in the gas phase 

prior to ionization. This technique uses a carrier gas to separate molecules in the gas phase by 

polarity as they move through a separation column.5 This technique is frequently applied to non-

polar compounds that are not soluble in aqueous solutions. The second gas-separation technique 

is ion mobility spectrometry (IMS). IMS is a method of separation that occurs after molecules 

have been ionized. Ions travel through a mobility cell with buffer gas and an applied electric 

field separating ions by size and shape. The type of IMS in the UCI Mass Spectrometry Core 
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Facility is known as traveling wave ion mobility (TWIMS). TWIMS separates ions in an ion 

mobility cell by applying an oscillating electric field as ions move through a drift gas.7 The 

oscillating electric field and collisions with the drift gas lead to smaller, more compact 

compounds traveling through the ion mobility cell quicker than larger, less compact compounds. 

Developments to IMS in recent years have paired this technique with mass spectrometry to 

analyze molecules by size, shape and charge.6 

 

5.1.2 Methods of ionization.  

Ionization is necessary to add charge to molecules for analysis of m/z. One of the most 

common methods of ionization is electrospray ionization (ESI).8,9 ESI is a gentle form where 

liquid sample is sprayed through a charged capillary. ESI is used on seven instruments available 

in the UCI Mass Spectrometry Core Facility (Waters Xevo XS, Waters LCT #1 and #2, Waters 

ACQUITY QDa #1 and #2, Waters Quattro Premier XE, and Waters Synapt G2 HDMS #2). 

Recently, nano-electrospray ionization (nano-ESI) was developed as a variation of ESI to study 

non-covalent complexes. Nano-ESI uses a low flow emitter and applied voltage to ionize and 

transfer complexes into the gas phase with minimal disruption to the complexes.10,11 Nano-ESI is 

available on one instrument in the UCI Mass Spectrometry Core Facility (Waters Synapt G2 

HDMS #1).  

Matrix-assisted laser desorption ionization (MALDI) is a technique where the sample is 

embedded in a matrix that desorbs UV light to ionize the molecules of interest.12,13 Many sample 

types can be ionized by MALDI but specifically the development of MALDI has made analysis 

of tissue samples much more accessible.14 This form of ionization is used on two instruments 
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available in the UCI Mass Spectrometry Core Facility (AB Sciex MALDI-TOF/TOF 8500 and 

Bruker ultrafleXtreme MALDI-TOF/TOF).  

Electron impact (EI) and chemical ionization (CI) are some of the earliest developed 

ionization techniques that are still used in the core facility today. Both EI and CI require the 

sample to be in the gas phase before ionization can occur. EI is a form of hard ionization in 

which molecules are ionized through collisions with electrons.15 In CI, a reagent gas is ionized 

through EI before interacting with the molecules of interest to form ions.16 This ionization used 

on three instruments available in the UCI Mass Spectrometry Core Facility (Waters GCT, 

Thermo ISQ, and Thermo ISQ QD). 

Figure 5.1. Schematic detailing ESI, nano-ESI, MALDI, EI, and CI types of ionization.  

 

5.1.3 Types of mass analyzers.  

There are four types of mass analyzers used frequently in the UCI Mass Spectrometry 

Core Facility. The appropriate mass analyzer is selected based on the size and resolution 

requirements of the sample.  
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Time-of-flight (TOF) mass analyzers push ions through a drift region using an applied 

electric field, separating them by mass-to-charge (m/z). In the earliest TOF instruments, this drift 

region was linear.  The development of reflectron TOF, in which ions are reflected back down 

the drift region, has made significant progress in high mass resolution.17 TOF analyzers are 

regularly paired with MALDI or ESI and are advantageous for their high sensitivity and wide 

mass range.18 

A quadrupole (Q) mass analyzer is uses four parallel rods with oscillating electric fields 

to focus ions of interest while ejecting other ions. A single Q mass analyzer can be used on its 

own to analyze moderately sized molecules and is advantageous for its simple operation.19 Q 

analyzers can also be used to apply high energy to traveling ions to cause collision-induced 

dissociation resulting in fragmentation of the molecule.20,21 These fragments can provide 

valuable information about the parent ion. For this reason, the quadrupole is often paired with 

other mass analyzers to be used for fragmentation.  

One of these instruments combines three in-line quadrupoles, known as a triple 

quadrupole (QqQ), where the second quadrupole is used as a collision cell to fragment ions.22 

QqQ instruments are best for the quantification and analysis of metabolites and biological 

samples where analyte concentration may be low. A Q mass analyzer can also be combined with 

a TOF analyzer (QTOF). This combination pairs fragmentation capability with the wide mass 

range and resolution of the TOF, making it a great tool for top-down proteomics.23  
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Figure 5.2. Schematic detailing ion path through Q and TOF mass analyzers.  

 

5.2 Biomolecule Sample Preparations 

There are a variety of instruments available for the analysis of biomolecules. Sample 

preparation and instrument selection are critical to optimizing investigation of the molecule or 

system. 

 

5.2.1 Small molecules 

The sample preparation and instrument selection for small molecules depends mainly on 

two factors:  the sample solubility in selected solvents and heteroatoms present in the molecule. 

Typically, less hydrophobic molecules will be soluble in water, methanol, or acetonitrile and will 

contain more heteroatoms. Solutions of approximately 0.1 mg/mL in these solvents can be run on 
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the Waters LCT or Waters ACQUITY QDa LC-MS instruments. Molecules containing 

carboxylic acids or multiple alcohols may produce negatively charged ions by either the loss of a 

proton or the addition of a chloride and therefore would be best run in ESI- mode. Otherwise, 

samples will likely ionize through the addition of a proton or sodium ion and would be run best 

in ESI+ mode. 

Molecules containing hydrocarbons with few heteroatoms are typically hydrophobic and 

will ionize best through EI or CI. These samples are prepared at 0.1 mg/mL in dichloromethane 

and run on the Waters GCT, the Thermo ISQ, or the Thermo ISQ QD GC-MS instruments. 

 

5.2.2 RNA and DNA Oligos 

Oligos can be difficult to ionize and are typically run on the Waters Xevo XS. If 

chromatographic separation is not desired, oligos can be prepared in water and ionized directly 

by ESI. If chromatography is desired, we have found that the preparation of oligos in water 

ionize well when separated by SEC in ammonium acetate and sprayed by ESI at a high 

desolvation temperature. Oligos can also be separated by reverse-phase liquid chromatography. 

This separation and ionization are most successful when hexafluoroisopropanol or 

triethylammonium acetate are added to the mobile phase solvents. While these additions help the 

oligos pick up charge, they can be damaging to the mass spectrometer, and a thorough cleaning 

of the instrument is recommended if following this protocol.  

 

5.2.3 Peptides, Proteins, and Antibodies 

Peptides, proteins, and antibodies can be run on many instruments within the facility. If 

chromatographic separation is not desired, MALDI-TOF instruments can be used. The correct 
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matrix must be selected for the sample. Typically, sinapic acid (SA) or α-cyano-4-

hydroxycinnamic acid (CHCA) are used for the investigation of proteins and dihydrobenzoic 

acid (DHB) can be used for peptides. It is important to note that DHB can cleave disulfide bonds 

so it should only be used to investigate peptides that do not contain disulfide bonds. To prepare 

the sample, 0.5 μL of the selected matrix is spotted to the MALDI plate followed by 0.5 μL of 

sample. If the sample is not ionizing well, this procedure can be repeated, layering matrix and 

sample for better results. 

If chromatographic separation is desired, 0.1 mg/mL solution of peptide or protein can be 

prepared in an aqueous or acetonitrile solution and run on an LC-MS instrument. Due to their 

size, proteins are typically run on the Waters Xevo XS (QTOF) as it has a wider mass range that 

can accommodate large proteins. Intact antibodies can be run similar to large proteins.  

For further analysis of proteins and antibodies, the samples can be fragmented or 

chemically digested. Antibodies can often be highly glycosylated and treatment with PNGase 

enzymes can remove these modifications. Reduction of disulfide bonds with dithiothreitol (DTT) 

or tris(2-carboxyethyl)phosphine (TCEP) (performed at low pH) will yield sample with free thiol 

residues. In the case of an antibody, this will reduce the bonds holding together the light and 

heavy chains. The thiols can then be capped using an alkylating agent like iodoacetamide (IAA) 

to prevent the re-oxidation of disulfide bonds. Reduced and capped samples can be chemically 

digested or fragmented. Common enzymes used for digestion are trypsin and pepsin (performed 

at low pH). Formic acid or hydrochloric acid can also be used to chemically digest amide bonds. 

Samples are then diluted and subjected to LC-MS. On the Waters Xevo XS (QTOF) 

fragmentation within the mass spectrometer can be used in addition to or in replace of chemical 

digestion.  
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5.2.4 Tissue Samples 

The investigation of molecules within tissue is quickly becoming a common mass 

spectrometry technique known as mass spectrometry imaging. Fresh frozen tissue is prepared by 

slicing 5 μm thick tissue sections on a cryostat. It is important when mounting or embedding 

tissue to use a mass spectrometry-compatible mounting medium. Many mounting mediums 

contain PEG, which will suppress ions and lead to extra signals in the mass spectrum. Mixtures 

of gelatin and sucrose are best for embedding. The sliced tissue sections are then mounted on 

indium tin oxide coated glass slides and placed in a desiccator before being stored at -80 °C. The 

duration of tissue storage has been shown to negatively affect signal, so minimal storage time is 

recommended. Different wash steps can be applied to the tissue to remove biomolecules that are 

not of interest and improve the observation of molecules that are of interest. For example, lipids 

can be removed by submerging tissue in hexanes or xylenes. Wash steps with a series of 

increasing aqueous ethanol concentrations (70%, 90%, 95%, 100%) can help remove salts and 

fix tissue. To maintain lipids in tissue, use water or aqueous buffers.  

Matrix must be applied to the tissue for successful desorption and ionization. The matrix 

application can be done through sublimation or nebulization. Without an automated spraying 

system, we found that nebulization can lead to uneven distribution of matrix coating on the tissue 

and preferred to use sublimation for a more even coating. Sublimation protocols outline the best 

matrix selection and temperature required for sublimation as well as apparatus set up.24 Sinapic 

acid (SA) or dihydroxyacetophenone (DHA) are good matrices for proteins and α-cyano-4-

hydroxycinnamic acid (CHCA) works well for peptides. Once the matrix is applied, 

recrystallization of the matrix on the tissue has been shown to enhance signal. If recrystallization 

is done improperly, however, it can lead to poor spatial resolution in analysis.  
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 After the tissue is prepared and matrix-coated, it is ready for imaging. A digital image of 

the tissue is obtained to overlay in data processing with the mass spectra. We have found that a 

digital scanner works well for this application. Once in the instrument, laser intensity must be 

optimized to avoid damaging the tissue. Once laser intensity is selected, most imaging can be 

automated to acquire sections of the tissue.   

 

5.3 Analysis Tools 

This section contains a list of mass spectrometry databases and tools, the majority of 

which are open access. This selection of tools can be used to search databases to assign observed 

species, predict fragments and b and y ions of proteins, predict isotope patterns of molecules, and 

assign observed oligomer species. 

• MassBank of North America (MoNA) is a large database from which you can 

search LC-MS data to match species.  

• METLIN is a MS/MS database for the identification of metabolites.  

• Mascot is search engine used to identify proteins.  

• Protein Prospector is a search tool designed to search multiple databanks to 

identify proteins.  

• Human Metabolome Database (HMDB) allows a search by MS or MS/MS data of 

small molecules and metabolites.  

• To search protein fragments, the National Center for Biotechnology Information 

(NCBI) hosts the program blastp.  

• Global Natural Product Social Molecular Networking (GNPS) is a database to 

search natural products with GC-MS data. 
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Tools for analyzing protein fragmentation data include the following: 

• PeptideCutter can be used to predict cleavage sites and fragments of a given 

protein sequence.  

• PROTEOMICS TOOLKIT can predict b and y ions from input peptide fragments. 

• BioharmaLynx (licensed through Waters) can evaluate fragmentation data and 

match b and y ions.  

• Expasy Peptide Mass, mMass, envipat, and masslynx can model isotope patterns 

from given molecular formulas.  

• UniDec, mMass, and Masslynx (licensed through Waters) can be used for 

analyzing data. 

• UniDec has specific features helpful in the analysis of oligomers and nanodiscs.  

 

CONCLUSIONS 

 In my time working in the UCI Mass Spectrometry Core Facility, I accumulated 

information about a variety of mass spectrometry instruments and techniques for the most 

successful analysis. I have assembled these learnings in this beginner’s guide to mass 

spectrometry. As I progress in my career while working in an industry-sponsored mass 

spectrometry core facility, the knowledge gathered from my experience at UCI will provide a 

firm foundation and I am thankful to Dr. Felix Grün and Benjamin Katz for the mentorship and 

experience. 
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Epilogue 

 

Selected Collaborations from UCI 
 

INTRODUCTION 

In my time at UCI, I have had the opportunity to work closely with instructors and 

colleagues in contribution to many projects. Herein, I share the summaries of five collaborations 

that have shaped me both as a scientist and as a teammate. The time spent working with others 

taught me many valuable lessons. I learned effective communication which was critical to the 

completion of these projects. Verbal and written communication clearly outlining the goals of the 

experiment, the limitations of each technique, and the expected outcomes of the experiment were 

necessary to effectively execute the project. I also learned to listen to the ideas of teammates and 

facilitate productive discourse to design the best experiments for project success. These 

management skills I learned from collaborative projects will serve me in my future endeavors.  
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Expression of N-Terminal Cysteine Aβ42 and Conjugation to Generate Fluorescent and 
Biotinylated Aβ421 

 

In this project, Dr. Sheng Zhang designed and synthesized fluorescent derivatives of 

Aβ42 for the purpose of studying the interactions of Aβ42 with cells. He effectively expressed 

and purified Aβ42 with an N-terminal cysteine residue to use in conjugation chemistry. Dr. 

Zhang then appended FAM and TAMRA fluorophores to Aβ42 through thiol−maleimide 

labeling. Using the expertise I had developed in fluorescence microscopy and with Dr. Zhang’s 

FAM-Aβ42 and TAMRA-Aβ42 in hand, I investigated the cellular interactions of the labeled 

peptides. Aβ42 is known to play a role in neurodegeneration and can cause toxicity to neurons as 

well as be cleared by macrophages in the brain. Knowing these interactions of Aβ42 in the brain, 

I studied both SH-SY5Y human neuroblastoma cells and RAW 264.7 macrophages in the 

presence of the fluorescent derivatives. We observed the uptake of Aβ42 in both cell types. The 

intracellular puncta in SH-SY5Y cells are smaller, possibly indicating uptake by endocytosis. 

The intracellular Aβ42 observed in macrophages are much larger, which is consistent with a 

phagocytosis mechanism. Through these studies, I was able to work with Aβ42, the peptide by 

which many of my projects were derived, as well as the experience of working with 

macrophages for the first time.  
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Figure 6.1 Fluorescence micrographs of labeled Aβ with mammalian cells and bacteria. (A,B) 
SH-SY5Y cells treated with 10 μM FAM- or 10 μM TAMRA-labeled Aβ for 3 h. (C,D) RAW 

264.7 macrophage cells treated with 10 μM FAM- or 10 μM TAMRA-labeled Aβ for 4 h. 

Hoechst 33342 (blue) was used to stain the nuclei.  
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Macrocyclic Peptides Derived from Familial Alzheimer’s Disease Mutants Show Charge-
Dependent Oligomeric Assembly and Toxicity2 

 

In this project, I worked closely with Dr. William Howitz to study the role of charge on 

peptide assembly. Dr. Howitz and coworkers designed and synthesized a wide range of peptides 

derived from known familial mutations of Aβ that affect the progression and severity of 

Alzheimer’s disease. The oligomerization of the peptides was studied by SDS-PAGE and the 

membrane interactions were studied by cellular cytotoxicity and dye leakage of liposomes.  

From Dr. Howitz I learned an important new technique to study membrane 

destabilization. The preparation of dye-filled large unilamellar vesicles (LUVs) was used to 

study the effect of charged peptides derived from Aβ to create pores within membrane mimetics. 

Dr. Howitz was also a great mentor who taught me the importance of delegation of tasks and 

team management to coordinate a large group towards a common goal.  

 

Figure 6.2 Peptides designed from known familial mutations of Aβ showed charge dependence 

in the ability to destabilize membranes. 
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Converting an Organic Chemistry Course to an Online Format in Two Weeks: Design, 
Implementation, and Reflection3 

 

When the global pandemic and the spread of COVID-19 required the change of format of 

chemistry education, Dr. Susan King, Dr. Will Howitz, and I took on the challenge of adapting 

an organic chemistry course designed for in-person teaching to an online format. With this shift, 

we quickly found that there was a rapid learning curve for effectively teaching students reactions 

and mechanisms important to organic chemistry via computer. Based on our experience and 

online teaching methods, we put together a publication to guide others through the process.  

As a teaching assistant, I was the team member most frequently interfacing with students 

through remote office hours and discussion sections. Keeping students engaged through a 

computer screen was challenging. Some adaptations we incorporated included using polls and 

surveys through Zoom to get student feedback and check conceptual understanding as well as 

using breakout rooms where students could engage with their peers. Overall, students responded 

positively to the course changes and demonstrated a grasp of concepts even with the hurdles 

presented by the global pandemic.  

  

Figure 6.3 Graphic representation of the urgency created by the pandemic to distill information 

from a face-to-face organic chemistry course to an online course. 
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Teixobactin-Derived O-Acyl Isopeptide Prodrugs4 

 

In this study, Chelsea Jones designed and synthesized teixobactin-derived prodrugs. 

Teixobactin is a highly effective antibiotic but has a high propensity to form gels in solution, 

making it a poor candidate for clinical development. Chelsea developed a solution to improve 

solubility by using an ester linkage within the peptide backbone that converts to an amide on the 

time scale of hours. In this work, I performed cytotoxicity studies on the nine peptides 

synthesized by Chelsea to determine if the prodrugs were toxic towards cells. Here, we used 

HeLa cells treated with the prodrugs for 48 h and measured live and dead cell enzymes present in 

solution.  

In this collaboration, I was able to apply the skills I had obtained in the Nowick lab and 

train a new member of the lab in mammalian cell culture and cytotoxicity assays. This 

collaboration taught me the importance of mentorship and communication. I was challenged to 

not only convey the necessary technical information but also the learnings that came with years 

of cell culture. 

Figure 6.4 Representative image of cytotoxicity studies on two of nine prodrug compounds. 
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A β-Barrel-Like Tetramer Formed by a β-Hairpin Derived From Aβ5 

 

In this project, Dr. Tuan Samdin designed, synthesized and studied β-hairpin peptides 

derived from Aβ12–40. By X-ray crystallography Dr. Samdin observed β-barrel-like tetramers 

that further assemble into octamers. Additionally, molecular dynamics simulations of the 

tetramer in a lipid bilayer membrane show disruption of the membrane. To further investigate the 

interactions of these peptides with cells, I performed cytotoxicity assays to analyze caspase 3/7 

activation as an indicator of cells undergoing apoptosis.  

 Working with Dr. Samdin on this project taught me the importance of planning prior to 

execution and importance of knowing your field. He spent extensive time pouring over literature 

to design peptides, plan the goals of his project, and expertly assign the relevance of his work in 

the greater context of Aβ research. These skills were vital to making this project successful and 

are lessons I will take with me in my career. 

 

Figure 6.5 Representative structure of one of the β-hairpin peptides derived from Aβ12–40 with 

the oligomers observed by SDS-PAGE and X-ray crystallography. 
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