
Graduate Theses, Dissertations, and Problem Reports 

2023 

Investigation of Early Complex Formation of Huntingtin Protein Investigation of Early Complex Formation of Huntingtin Protein 

With and Without Lipids With and Without Lipids 

Alyssa R. Stonebraker 
West Virginia University, as0286@mix.wvu.edu 

Follow this and additional works at: https://researchrepository.wvu.edu/etd 

 Part of the Analytical Chemistry Commons, Biophysics Commons, and the Physical Chemistry 

Commons 

Recommended Citation Recommended Citation 
Stonebraker, Alyssa R., "Investigation of Early Complex Formation of Huntingtin Protein With and Without 
Lipids" (2023). Graduate Theses, Dissertations, and Problem Reports. 11962. 
https://researchrepository.wvu.edu/etd/11962 

This Dissertation is protected by copyright and/or related rights. It has been brought to you by the The Research 
Repository @ WVU with permission from the rights-holder(s). You are free to use this Dissertation in any way that is 
permitted by the copyright and related rights legislation that applies to your use. For other uses you must obtain 
permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license 
in the record and/ or on the work itself. This Dissertation has been accepted for inclusion in WVU Graduate Theses, 
Dissertations, and Problem Reports collection by an authorized administrator of The Research Repository @ WVU. 
For more information, please contact researchrepository@mail.wvu.edu. 

https://researchrepository.wvu.edu/
https://researchrepository.wvu.edu/
https://researchrepository.wvu.edu/etd
https://researchrepository.wvu.edu/etd?utm_source=researchrepository.wvu.edu%2Fetd%2F11962&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/132?utm_source=researchrepository.wvu.edu%2Fetd%2F11962&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/4?utm_source=researchrepository.wvu.edu%2Fetd%2F11962&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/139?utm_source=researchrepository.wvu.edu%2Fetd%2F11962&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/139?utm_source=researchrepository.wvu.edu%2Fetd%2F11962&utm_medium=PDF&utm_campaign=PDFCoverPages
https://researchrepository.wvu.edu/etd/11962?utm_source=researchrepository.wvu.edu%2Fetd%2F11962&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:researchrepository@mail.wvu.edu


   

Investigation of Early Complex Formation of Huntingtin Protein With and Without Lipids 
 
 
 
 
 

Alyssa R. Stonebraker 
 
 
 
 
 

Dissertation Submitted  
to the Eberly College of Arts and Science 

at West Virginia University 
 
 

in partial fulfillment of the requirements for the degree of 
 
 

Doctor of Philosophy  
In 

Chemistry 
 
 

Justin Legleiter, Ph.D., Committee Co-Chairperson 
Stephen Valentine, Ph.D., Committee Co-Chairperson 

Blake Mertz, Ph.D. 
Peng Li, Ph.D. 

David Smith, Ph.D. 
 
 

C. Eugene Bennett Department of Chemistry 
 

Morgantown, West Virginia 
 

2023 
 
 
 

Keywords: Huntington’s disease, amyloid formation, aggregation, lipid binding, cholesterol, 
post-translational modification, mass spectrometry, atomic force microscopy 

 
 
 

Copyright 2023 Alyssa R. Stonebraker 



   

Abstract 
 
 

Investigation of Early Complex Formation of Huntingtin Protein With and Without Lipids 
 
 

Alyssa R. Stonebraker 
 
 

Huntington’s disease (HD) is a fatal neurodegenerative disease caused by the expansion 
of the polyglutamine (polyQ) domain of the huntingtin protein (htt). The expansion of the polyQ 
domain beyond a threshold of approximately 35 repeats triggers complex toxic aggregation 
mechanisms and results in altered interactions between htt and lipid membranes. Many factors 
modulate these processes. One such modulator includes sequences flanking the polyQ domain, 
most notably the first 17 amino acids at the N-terminus of the protein (Nt17), and environmental 
factors including the presence of membranous structures. Nt17 has the propensity to form an 
amphipathic a-helix in the presence of binding partners, which can facilitate aggregation and 
lipid binding. These processes can be further modulated by overall membrane composition and 
physiochemical properties. Considering the influence of membrane composition and the known 
dysregulation of cholesterol homeostasis in HD, cholesterol may be a crucial membrane 
component that can modulate early htt interactions through influencing membrane properties 
such as permeability, fluidity, and overall organization. Early interactions may also be modulated 
through altered electrostatics, hydrophobicity, and hydrogen bonding introduced through 
mutations to residues within the Nt17 domain. A mechanistic understanding of such modulating 
factors and their impacts on early htt interactions can provide crucial insights into the toxic 
mechanism of HD. Early htt interactions were further explored in the studies presented here. 
Thioflavin T (ThT) aggregation assays, atomic force microscopy (AFM), polydiacetylene (PDA) 
lipid binding assays, and mass spectrometry (MS) were used to identify changes to aggregation, 
aggregate morphologies, htt/lipid binding, and htt/lipid complexation respectively. When htt was 
exposed to lipid systems composed of pure POPC, DOPC, and POPG distinctly different htt 
interactions with increasing amounts of exogenously added cholesterol were observed. 
Increasing cholesterol content increased aggregation for the DOPC systems, but reduced 
aggregation for the POPC and POPG systems. Htt/lipid binding decreased with increasing 
cholesterol for the POPC systems, while binding increased for the DOPC and POPG systems. 
Differences in htt/lipid complexation were also observed for each pure lipid system with 
increasing cholesterol content. When htt was incubated with Nt17 peptides with mutations that 
altered residue charges aggregation was significantly reduced, though the extent was dependent 
on the type of modification. Incorporation of Nt17 peptides into oligomeric structures resulted in 
minimal changes to oligomer/lipid interactions, though monomeric peptide/lipid complexation 
was altered with the introduction of modifications.  
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1. The Structure and Function of the Huntingtin Protein and its Implications in 

Huntington’s Disease 

 

1.1 Amyloids and Amyloid Diseases  

 Multiple neurodegenerative diseases, including Alzheimer’s disease (AD), 

Parkinson’s disease (PD), and Huntington’s disease (HD), are defined by the accumulation and 

subsequent deposition of proteinaceous materials in a variety of cellular compartments and 

tissues. Pathogenesis results from the misfolding and subsequent toxic aggregation of specific 

proteins, i.e. amyloid-beta (Ab) and tau in AD, alpha-synuclein (a-syn) in PD, and huntingtin 

(htt) in HD. Clinically, these neurodegenerative diseases are characterized by impaired motor 

and cognitive functions, while pathological manifestations include neuronal cell dysfunction and 

death.1–3 More specifically, the hallmark of these diseases is the aggregation of proteins into b-

sheet rich fibrillar structures, termed amyloid, that are deposited in the brain.4,5 Amyloids are 

resistant to proteolytic degradation6 and are fundamentally characterized by cross-b motifs in 

which b-strands are organized perpendicular to the fibril axis.7–9  

 Amyloid diseases are often referred to as protein misfolding diseases, as they result from 

the misfolding and subsequent aggregation of normally functional proteins. Generically, the 

process of protein folding can be described by a folding energy landscape10,11 (Figure 1.1). As 

dictated by the primary amino acid sequence, synthesized proteins progress through the energy 

landscape and fold into a conformation of lower energy, also known as the native conformation. 

This folding is driven by hydrophobic effects in which hydrophobic residues are shielded from 

water in the protein interior while hydrophilic residues are solvent-exposed at the protein 
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surface.12,13 Along the energy landscape that leads to the native conformation, there are other 

local minima in which partially folded intermediates can become trapped.14,15  

 

Figure 1.1. Schematic of both the normal protein folding energy landscape and the 
misfolding/amyloid energy landscape.16 Unfolded proteins follow a folding landscape to the 
lowest energy native folded state (blue). Monomers may sample misfolded intermediate states 
that encourage altered interaction to promote aggregation into various species (purple). 
 
 
 
 In the case of protein misfolding diseases, the partially folded states expose aggregation-

prone domains of the protein, which ultimately results in increased intermolecular interactions 

that facilitate the transition to an aggregation energy landscape.17 With an increase in both 

intermolecular and intramolecular interactions in the aggregation pathway, there are many local 

minima along the energy landscape corresponding to many different protein conformations and 
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aggregate species.17 More specifically, amyloid forming proteins result in monomeric and 

multimeric species rich in b-sheets, which expose hydrophobic residues and promote the 

formation of amyloid fibrils.18,19 While the stability of these aggregates is heavily dependent on 

the specific protein, the energy minimum along the aggregation pathway for these proteins is 

much lower than that of the native conformation, and thus these misfolded and aggregated 

species are more thermodynamically stable.20 These altered conformations associated with 

amyloid forming proteins change their biological properties and lead to a toxic gain of 

function,17,21 as the proteins accumulate and aggregate in tissues as a result of disrupted protein 

homeostasis.22 

1.2 Huntington’s Disease and the Huntingtin Protein  

HD is a fatal neurodegenerative disease that is clinically characterized by cognitive, 

motor, and psychiatric decline resulting from autosomal dominant inheritance of a mutation on 

chromosome 4 that encodes for htt.3 The disease results from a mutation that causes an 

expansion in a region of CAG trinucleotide repeats, which encodes for a polyglutamine (polyQ) 

domain near the N-terminus of htt (Figure 1.2). Expansion of the polyQ domain beyond a 

threshold of approximately 35 repeats correlates to disease.23,24 Larger polyQ domains beyond 

this threshold face a lower energic penalty for associating and forming b-sheet rich 

structures,25,26 increasing the likelihood that htt will misfold with increasing polyQ length. Both 

toxic htt aggregate formation and age of HD onset are also directly related to polyQ length; with 

increasing polyQ length aggregation increases while age of onset decreases.23,24,27 Typical onset 

occurs between 21 and 50 years old with a median repeat length of 45. Late onset HD occurs in 

individuals over 50 years old with a lower median polyQ repeat length of 42, while juvenile 

onset occurs between 2 and 20 years old and has an increased median repeat length of 60.27  
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Figure 1.2. The mutation within the htt gene that causes the expression of pathogenic htt 
protein.16 The htt gene is found on chromosome 4, and an expansion within the polyQ coding 
region causes the expression of pathogenic htt protein. The expanded polyQ domain is located 
within the N-terminal region of the protein known as htt-exon1. Htt-exon1 also contains the Nt17 
and proline-rich domains. A polyQ domain with <27 repeats is nonpathogenic, 27-35 repeats is 
intermediate, and >35 repeats is pathogenic. 
 
 
 
 Full-length htt is approximately 3142 amino acids with a molecular weight of 

approximately 350 kDa,28 but ultimately the size is dependent on the length of the polyQ 

domain. Purification of full-length htt was not made possible until recently,29 and as a result 

many studies were performed using biologically relevant N-terminal fragments of htt, including 

the htt-exon1 fragment. This specific fragment is stable and is consistently produced in the brain 

via proteolysis of full length htt,30 and has been identified as the most toxic fragment of htt that is 

naturally occurring,31 as it has been identified in post-mortem brains of HD patients.32 with 
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implications in the accumulation and aggregation of htt in the striatum.33 Htt-exon1 is comprised 

of three critical domains. The polyQ domain begins at residue 18, and on the N-terminal side of 

the polyQ domain are the first 17 amino acids (Nt17) which are crucial to facilitating 

aggregation34–36 and lipid binding.37–39 On the C-terminal side of the polyQ domain is a proline 

rich domain that consists of two polyproline (polyP) stretches that modulate both nucleation of 

htt40 and lipid interactions.37 Importantly, the expression of htt-exon1 with an expanded polyQ 

domain in knock-in mice recapitulated both HD-like phenotypes and age-dependent 

accumulation of htt much like what has been observed with expression of full length htt.33 

Oligomeric and fibrillar species formed by purified htt-exon1 are also morphologically similar to 

aggregate species isolated from knock-in mouse models,41 supporting the use of htt-exon1 for 

physiologically relevant in-vitro studies. 

1.3 Huntingtin Aggregation and Toxicity 

 Beyond HD, there are eight additional diseases caused by the aggregation of proteins 

containing expanded polyQ domains: spinocerebellar ataxias (types 1, 2, 6, 7, and 17), Machado-

Joseph disease, spinal and bulbar muscular atrophy, dentatorubral pallidoluysian atrophy, and X-

linked 1.42 Beyond the polyQ threshold of approximately 35 repeats, there is a lower energetic 

penalty with respect to the formation of b-sheet rich structures, and thus aggregate formation is 

promoted.25,26 Pure polyQ peptides on their own can aggregate,43–45 and the incorporation of a 

polyQ domain into a protein is sufficient to induce the complex polyQ-mediated aggregation 

process.46 This process consists of multiple mechanistic pathways made up of a variety of 

intermediate species that occur simultaneously, producing heterogenous mixtures of aggregate 

species that can include oligomers, fibrils, and inclusions,34,47,48 and are categorized as “on 
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pathway” or “off pathway” based on whether their mechanisms of aggregation ultimately lead to 

the formation of b-sheet rich fibrillar structures or not (Figure 1.3).  

 

Figure 1.3. A generic aggregation scheme of polyQ-containing proteins. The complex 
aggregation pathway of polyQ-containing proteins begins with a protein monomer sampling a 
misfolded conformation. From there, the misfolded monomers can aggregate into a variety of 
intermediate species including dimers, oligomers, and annular aggregates or a misfolded 
monomer can undergo direct nucleation to form fibrillar structures. The intermediate species 
then from higher-order aggregates such as amorphous aggregates or fibrils, which can 
accumulate together to form large inclusions.  
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 The exact aggregation mechanisms that occur for polyQ-containing proteins are specific 

to each individual protein, though overall they follow a generic on pathway aggregation 

scheme.19 Initially, a protein monomer undergoes a thermodynamically unfavorable transition 

into a non-native conformation.25 These non-native conformations can be associated with 

aggregation, and it is through intramolecular and intermolecular interactions the polyQ domain 

that a b-sheet rich nucleus is formed in the rate-limiting step known as nucleation.8,9,49 Once the 

nucleus is formed, monomer addition can occur during what is known as the elongation phase to 

ultimately yield b-sheet rich fibril formation.8,49 Pathways promoted by different protein 

conformations that are off pathway can occur simultaneously. Some examples of off pathway 

species include annular aggregates, amorphous aggregates, and off-pathway oligomers.48 

Furthermore, a higher order aggregate species known as inclusions, the hallmark aggregate 

species of HD deposited in the brain, are formed when monomers and other aggregate species, 

such as fibrils and amorphous aggregates, accumulate together.50  

 The complexities underlying the various aggregation pathways of htt, which are all 

occurring simultaneously, allow for variations within individual subsets of aggregate species.36,51 

For example, early differences in monomeric conformations result in the formation of oligomers 

that can have either non-amyloid a-helix rich structures or cross-b interactions and they can vary 

greatly in size,51–53 which demonstrates a high degree of structural variation. Fibril structures are 

generally more consistent, displaying a b-hairpin-based polyQ core structure,54,55 but variation in 

structure, and subsequently neurotoxicity, can be introduced based on flanking sequences 

present.56,57 It is important to note that additional factors such as polyQ length50 and the cellular 

environment58–60 can also modulate aggregation pathways, the types of aggregate species 

produced, and aggregate structures/morphologies. 
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 The elucidation of the dominant toxic mechanism responsible for dysfunction in HD is 

difficult. Multiple hypotheses surrounding the toxicity of amyloids have been proposed: the 

amyloid cascade hypothesis, amyloid fibrils having the ability to catalyze the formation of toxic 

on-pathway oligomeric species, fibrils having protective effects while off-pathway oligomeric 

species are toxic due to their ability to insert into and disrupt membrane systems, the entire 

process involving amyloid formation is toxic, and toxicity is the result of induced cellular stress.7 

Most debate surrounding toxicity is due to the heterogeneity of aggregate species resulting from 

various aggregation pathways occurring simultaneously. Identifying which species is most toxic, 

as many species are involved in various mechanisms,51,61 is a difficult task. In cell culture, 

oligomeric species form early62 and the formation of dimeric and tetrameric structures have been 

identified as early markers of cellular pathology.53 Other cell survival studies point to the toxicity 

of diffuse htt aggregates,63 specifically oligomeric aggregates64,65 in addition to amorphous 

aggregates and fibrils.66,67 Fibrils have also demonstrated toxic properties by inducing apoptotic 

cell death through the ability to interact with and subsequently permeabilize lipid membranes.66 

Conversely, some aggregate species have also demonstrated protective effects. It is hypothesized 

that inclusions are protective as they sequester diffuse htt,68,69 which is supported by inclusions 

exhibiting potential neuroprotective effects by reducing neural cell death.70 The complexity 

surrounding these aggregate species and their various mechanisms make it increasingly difficult 

to identify a primary species responsible for htt toxicity and highlight the complexity of HD 

pathogenesis. 

1.4 Structure and Function of Nt17 

 The Nt17 domain of htt is crucial to pathogenesis due to its role in promoting 

aggregation.35,52 Nt17 is intrinsically disordered in bulk solution, but in the presence of binding 
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partners it undergoes a conformational shift to an amphipathic a-helix,71,72 consisting of a 

predominantly hydrophobic side and a predominantly hydrophilic side (Figure 1.4a). The 

formation of this amphipathic a-helix is critical to driving aggregation, as Nt17 a-helices 

associate though intermolecular interactions to form multimeric structures including more 

compact globular structures and elongated helical bundles.34 This variation in multimeric species 

exposes different residues to the solvent depending on the structural organization, altering Nt17-

driven oligomerization and downstream aggregation.34,73 One such multimeric structure observed 

is an a-helical tetramer structure,34,52,73 which can ultimately build up to a-helix rich oligomeric 

species, making it crucial to the early stages of aggregation.35,36 However other multimeric 

species, for example a dimer with partial a-helical character, can form without undergoing 

further oligomerization, such as a nonproductive dimer with partial a-helical character.73 In 

addition to the role of Nt17 in oligomer formation, it is also important in the formation of 

fibrillar aggregates. The formation of a-helix rich oligomers lowers the energetic barrier for the 

transition to b-sheet rich aggregates by bringing the polyQ domains close in proximity.52,53,73,74  

 Nt17 is implicated in initiating aggregation, but its ability to form an amphipathic a-helix 

also functions in lipid binding.75,76 Pure polyQ peptides do not appreciably interact and insert 

into lipid membranes, but if the polyQ domain is flanked by Nt17 on the N-terminal side there is 

significant membrane interaction and disruption.37 The interaction of Nt17 with lipid bilayers is 

summarized by four general steps: approach, reorganization, anchoring, and insertion.38 Long-

range electrostatic interactions between the peptide and lipid headgroups drive the approach, and 

once near the bilayer surface conformational changes to the peptide bring hydrophobic residues 

close in proximity to the hydrophobic core of the membrane. The peptide anchors as one 

hydrophobic residue is positioned in the hydrophobic membrane core, after which the peptide 
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inserts into the membrane more as additional conformational changes allow additional 

hydrophobic residues to partition into the membrane core. Overall, the end result is a stabilized 

a-helical structure nearly parallel with the surface of the membrane with the hydrophobic 

residues of the peptide buried in the hydrophobic core of the membrane.38,39,72 The precise 

mechanisms of interaction between Nt17 and membranes are more nuanced, and interactions are 

heavily influenced by both lipid composition and physiochemical properties.77–79  

 Another key factor to consider in terms of htt aggregation and lipid interactions with 

respect to Nt17 are sites that are subject to post-translational modifications (PTMs). Commonly 

observed PTMs include phosphorylation,80–83 acetylation,58,82 ubiquitination,84 SUMOylation,85,86 

and oxidation87,88 while some less commonly observed modifications include palmitoylation89,90 

and transglutamination91 (Figure 1.4b). PTMs influence htt/lipid interactions,58,83,86 

aggregation,58,80,83,85 and toxicity80,85,92 with the exact effects being dependent on the type and 

location of the modification. 

 

Figure 1.4. The amphipathic a-helical structure of Nt17 and sites available for post-
translational modification. (a) A three-dimensional representation of the amphipathic a-helical 
structure of a monomeric Nt17 domain from the 6N8C tetramer PDB structure rendered in 
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PyMol. (b) Another representation of the amphipathic a-helical structure of Nt17 that highlights 
locations available for post-translational modification. 
 
 
 
1.5 Huntingtin-Lipid Interactions 

A variety of normal functions have been attributed to htt and many of those functions, 

e.g. synaptic transmission,93,94 vesicle transport,93,94 and axonal transport,95 require direct 

interactions with a variety of lipid membrane systems. Htt also localizes to the endoplasmic 

reticulum (ER),96–98 mitochondrial,99–103 nuclear,97,98 and plasma membranes.104 Studies with htt 

knockout mice indicate that htt is an essential protein, as increased apoptosis and death in the 

early embryonic stage was observed,105,106 while heterozygous knockout mice still exhibited 

neuronal degeneration.106,107 Functions of htt as is related to lipid membranes, when disrupted, 

have deleterious effects including organelle dysfunction,103,108,109 cell death,110 and ultimately 

brain degeneration,95 which supports the notion that the disruption of htt interactions with 

membranes plays a role in HD pathology. 

Interactions between htt and lipid membranes are critical to normal and proper function, 

but upon expansion of the polyQ domain to a pathogenic length these interactions are 

altered.111,112 There is a polyQ length dependence on the ability of htt-exon1 to bind to and 

disrupt membranes,112,113 with longer polyQ correlating to faster aggregation52,114 and these 

aggregate species subsequently interact with and disrupt membrane systems.115–117 Oligomeric 

species disrupt brain lipid membranes, causing toxicity in neurons.116 Fibrils interact with ER, 

altering morphology and dynamics.116 Htt inclusions also interact directly with the ER as well as 

the mitochondria, ultimately resulting in ER membrane deformation, impaired organization, and 

altered membrane dynamics109 while damaged and fragmented mitochondria accumulate at the 

periphery of htt inclusions and have increased respiration rates.118 Inclusions also sequester 
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membranous structures through such interactions.118 This evidence indicates that interactions of 

htt with various membrane systems could contribute to HD pathology. 

Figure 1.5. Generic phospholipid structure and how varied shapes contribute to key 
membrane properties such as curvature and packing. (a) The generic structure of a 
phospholipid consists of a polar headgroup and nonpolar tails that can be saturated or 
unsaturated. (b) Phospholipids have distinct shapes including cylindrical, inverted conical, and 
conical. These distinct shapes directly influence membrane curvature and result in zero 
curvature, negative curvature, or positive curvature membranes respectively based on the relative 
cross-sectional sizes of the head and tail groups. (c) The degree of saturation and other 
membrane components influence membrane packing. Unsaturated phospholipids pack less 
tightly relative to saturated phospholipids, while the inclusion of sterols further influences 
phospholipid packing within a membrane. 

 

 The overall composition and the physiochemical properties of different lipids can further 

modulate protein/lipid interactions. Lipids spontaneously assemble into bilayers in aqueous 

solution, such that the hydrophilic head groups are solvent exposed and hydrophobic tail groups 

are at the membrane interior and shielded from water. Individual properties of different lipids 

such as headgroup charge, headgroup size, tail length, and tail saturation all influence the overall 
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shape of the lipid and further dictates the distinct physical properties of a bilayer (Figure 1.5). 

The size of the lipid headgroup influences curvature,119 while tail properties influence both 

packing and fluidity.120 Increased membrane fluidity and curvature increases the incidence and 

size of membrane defects,121 which is important to htt/lipid interactions specifically as Nt17 can 

detect these defects.122 Additionally, headgroup charge is a critical factor to consider as 

negatively charged lipids such as 1-palmitoyl-2-oleoyl-sn-glycero-3-(phospho-rac-(1-glycerol)) 

(POPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) increase fibril 

formation relative to zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 

(POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),78 likely the result of 

favorable electrostatic interactions with the net positive charge of Nt17.123  Physiochemical 

properties of different membrane systems are heavily influenced by the overall composition,124 

contributing to altered htt/lipid interactions with changing composition. For membranes 

composed of total brain lipid extract (TBLE), incorporation of membrane components such as 

sphingomyelin (SM) or ganglioside (GM1) reduces htt/lipid interactions, while SM also 

increases htt-induced permeability of lipid vesicles but GM1 has no such effect.125 Interactions 

between htt and lipid membranes is multi-faceted and dependent on a variety of lipid properties. 

Gaining a better understanding of how changes to different membrane properties influences htt 

interactions can provide additional insight into HD pathology and toxic mechanism. 

1.6 Influences of the Environment on Huntingtin Interactions  

 There are many factors of the environment that can influence amyloid aggregation 

kinetics, fibril formation, and aggregate structures such as pH,126–129 temperature,130–134 salt 

concentration,135–137 and/or chemical treatments.58,87,88,138–140 Compared to aqueous solvent, 

simulating the cellular environment using macromolecular crowders also influences aggregation 
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and htt interactions at the interfaces of different surfaces.141 Another important modulating factor 

to consider is the presence of lipid membranes. Nt17 has critical roles in both lipid binding and 

facilitating early interactions to promote aggregation, and subsequently early interactions 

between htt and membranes can influence aggregation (Table 1.1). A computational study 

demonstrates that the presence of dodecylphophocholine (DPC) micelles promotes the formation 

of the Nt17 a-helix and stabilizes it, whereas in bulk solution the a-helix is quick to unfold.142 

This phenomenon is a likely contributor to changes in htt aggregation and interactions in the 

presence of lipid membranes. For example, membranes composed of a combination of POPC 

and POPS catalyze htt aggregation.143 Conversely, vesicles composed solely of TBLE reduce htt 

fibril formation60,125 while in TBLE systems with increasing SM or cholesterol content 

oligomer125 and fibril formation,59 respectively, are reduced. Meanwhile, vesicles composed of 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), SM, and cholesterol have no impact on 

aggregation.116 Despite containing similar components, each system has different effects. Pure 

lipid systems differing only by head groups78 or by tail groups79 have also demonstrated different 

effects on aggregation, lipid binding, and htt/lipid complexation as a function of composition and 

subsequent physiochemical properties. This demonstrates the complexity of htt aggregation in 

the presence of lipids. Beyond their ability to stabilize the Nt17 domain specifically, lipids have 

also been demonstrated to have a stabilizing effect on certain aggregate species, such as 

oligomers.37 Beyond direct interactions at membrane surfaces, some aggregate species have also 

been shown to sequester lipids; htt inclusions often include multi-vesicular membranes and 

mitochondria at their surfaces118 while also interacting directly with and disrupting the ER 

membrane.109 Beyond the modulation of interactions directly involving membranous surfaces, 

simply the presence of membranes alters other htt interactions simultaneously. For example, the 
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presence of TBLE or POPC vesicles eliminated the ability of the small molecule curcumin to 

inhibit htt fibril formation compared to in bulk solution, while the small molecule 

epigallocatechin 3-gallate (EGCG) was a successful inhibitor both with and without lipid 

present.60 This added level of complexity could be an additional consideration for HD pathology 

and progression.  

 

Table 1.1. Impacts of various lipid systems on htt interactions. 

Lipid System Impacts on Htt Interactions Reference(s) 

POPG 
Increase htt aggregation, promote 
fibril formation, increased htt/lipid 

interactions 
78 

POPS 
Increase htt aggregation, promote 
fibril formation, increased htt/lipid 

interactions 
78 

POPC Minimal impact on htt aggregation 78, 79 

POPE 
Minimal impact on aggregation, 

inhibits aggregation at high 
lipid:protein ratio 

78 

DMPC Increase htt aggregation, promote 
fibril formation 79 

DOPC Inhibit htt aggregation, reduce fibril 
formation 79 

DOPC/SM/Cholesterol No impact on htt aggregation 116 
POPC/POPS Increase htt aggregation 143 

TBLE Inhibit htt aggregation, reduce fibril 
formation 60, 125 

TBLE/Cholesterol Inhibit aggregation, reduce fibril 
formation 59 

TBLE/SM 
Reduced htt/lipid interactions, 
vesicles more susceptible to 

permeabilization 
125 

TBLE/GM1 Reduced htt/lipid interactions 125 
 

 

1.7 Dissertation Rationale 

 Normal htt functions necessitate its interactions with a variety of membrane systems with 

unique compositions. However, in the case of mutant htt with pathogenic polyQ lengths toxic 

aggregation is initiated and interactions between mutant htt and membrane systems also induces 
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toxic effects. One direct result of such toxic interactions is the resulting dysfunction in various 

organelles and the degeneration of neurons as HD progresses. It has been established that 

membranes alter htt aggregation pathways, especially early interactions, and there is evidence to 

support that such effects are dependent on membrane composition. Here, we further elaborate on 

the specific effects of membrane composition on both htt aggregation and lipid binding in 

addition to exploring how the alteration of early htt/lipid interactions impacts downstream 

interactions. 

 In Chapter 2, the specific impact of membrane cholesterol content is explored. Model 

lipid systems of POPC, DOPC, and POPG were chosen due to their differing head and tail 

groups, varying their physiochemical properties. Varied levels of exogenously added cholesterol 

were added to each system, then each system was exposed to htt-exon1(46Q). The effects of 

cholesterol content on aggregation, lipid binding, and htt/lipid complex formation were evaluated 

using thioflavin-T (ThT) assays, atomic force microscopy (AFM), polydiacetylene (PDA) lipid 

binding assays, and mass spectrometry (MS). This chapter reveals that increasing cholesterol 

content has significant impacts on fibril formation, lipid binding, and complex formation, but 

that the exact effects change in a lipid composition dependent manner. 

 In Chapter 3, the impact of peptide charge on early htt interactions is explored. Free Nt17 

peptides, either wild-type or modified to mimic acetylation or phosphorylation of specific amino 

acids, were utilized to identify impacts of such modifications on aggregation as well as lipid 

binding and htt/lipid complex formation in the presence of POPC/POPS and TBLE membrane 

systems. The impact of monomeric peptides on aggregation and htt/complexation was evaluated 

using ThT assays and MS respectively. The impact of peptide incorporation into oligomers on 

aggregate morphology and lipid binding were evaluated using AFM and PDA lipid binding 



   17 

assays respectively. This chapter reveals that peptide effects, both at the monomeric and 

oligomeric levels, were unique to each modification type and location of the modification.  
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2. Cholesterol Impacts the Formation of Huntingtin/Lipid Complexes and Subsequent 

Aggregation 

 

2.1 Abstract 

Huntington’s disease (HD) is a neurodegenerative disease resulting from an expansion of 

the polyglutamine (polyQ) domain within the huntingtin protein (htt). PolyQ expansion triggers 

toxic aggregation and alters htt/lipid interactions. The first 17 amino acids at the N-terminus of 

the protein (Nt17) have a propensity to form an amphipathic a-helix crucial to aggregation and 

membrane binding. Htt functions normally in processes including vesicle transport and synaptic 

transmission, and as such must interact closely with a variety of membrane systems including 

those of the endoplasmic reticulum, mitochondria, nuclear envelope, and plasma membrane. 

Membrane composition heavily influences both htt aggregation and lipid interactions, and 

cholesterol is a crucial membrane component that modulates properties such as fluidity, 

permeability, and organization. In HD, cholesterol homeostasis is disrupted, and likely plays a 

role in toxicity. The objective of these studies was to identify the impact of cholesterol on htt 

aggregation and lipid interactions in various lipid systems. Lipid systems of POPC, DOPC, and 

POPG with varied levels of exogenously added cholesterol were exposed to htt and the 

influences on aggregation, lipid binding, and htt/lipid complexation were evaluated using 

thioflavin-T aggregation assays, atomic force microscopy, colorimetric lipid binding assays, and 

mass spectrometry. The addition of cholesterol to DOPC vesicles enhanced htt aggregation. In 

the presence of vesicles of either POPC or POPG, the addition of cholesterol reduced htt 

aggregation. Htt/lipid binding decreased for POPC and increased for both DOPC and POPG with 

increasing cholesterol content, with observed differences in htt/lipid complexation. Altered 
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cholesterol content influences htt aggregation, lipid binding, and complexation differently 

depending on overall lipid composition. 

2.2 Introduction 

Huntington’s disease (HD) is a fatal neurodegenerative disease caused by an expanded 

polyglutamine (polyQ) domain in the huntingtin protein (htt).1 PolyQ domain expansion beyond 

a threshold of ~35 repeats2,3 results in the aggregation of htt into amyloid-like fibrils4–6 through a 

complex pathway that involves additional aggregate species including oligomers and amorphous 

aggregates.7 Peptide sequences directly adjacent to the polyQ domain heavily influence the 

aggregation process.8–10 One such sequence flanking the polyQ domain of htt is the first 17 

amino acids at the N-terminus (Nt17).8–13 Nt17 accelerates aggregation as it can form an 

amphipathic a-helix that promotes early interactions of htt through intermolecular self-

association to form oligomers.9,13,14 The interprotein association of Nt17 brings polyQ domains 

into close proximity, promoting fibril nucleation.13,15  The association of Nt17 into complexes on 

the order of dimers and tetramers was demonstrated by ion mobility spectrometry-linear ion trap 

mass spectrometry (IMS-MS)14 and α-helix rich structures of both Nt17 dimers and tetramers 

have been resolved by NMR.13  

While a variety of functions have been attributed to htt, many of these, e.g. vesicle 

transport and synaptic transmission,16,17 require direct interaction with lipid membranes. Htt 

associates closely with a variety of membranes of varying lipid composition, localizing to the 

ER,18–20 mitochondrial,21–25 nuclear,19,20 and plasma membranes.26  In addition to promoting 

aggregation, the propensity for Nt17 to form an a-helix causes it to facilitate lipid binding.9,27 As 

htt readily associates with lipids, the presence of lipid membranes can modify htt aggregation in 

a lipid composition dependent manner.28–34 Membranes comprised of total brain lipid extract 
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(TBLE) inhibit htt fibrilization compared with the absence of lipids.28 Similarly, cellular lipid 

extracts also reduce htt aggregation.29 Enriching TBLE with either sphingomyelin (SM) or 

ganglioside (GM1) content further modifies htt/lipid interactions and subsequent aggregation, 

with both SM and GM1 reducing htt insertion into the membrane and promoting distinct 

aggregate morphologies.30 However, some pure lipid systems, like palmitoyl-2-oleoyl-glycero-3-

phosphocholine (POPC)28 or a mixture also containing 1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-L-serine (POPS)31 enhance fibrillization. In particular, the POPS/POPC lipid system 

promotes a distinct aggregation pathway facilitated by Nt17 compared to aggregation in the 

absence of lipids.31 Generally, Nt17 displays higher affinity for anionic phospholipids, such as 

PS and phosphatidylglycerol (PG) lipids, compared to zwitterionic PC lipids.32 Beyond head 

group charge, studies on the impact of unsaturation in lipid tails revealed no direct correlation 

between htt aggregation and htt/lipid complexation, but that the orientation of Nt17 on the 

membrane surface is related to membrane defect sizes and how well the hydrophobic residues of 

Nt17 match those defect sizes.33 Htt has also been shown to cause membrane damage, which is 

mediated by factors including polyQ length,26,27,35 cholesterol content,36 and the presence of SM 

and GM1.30 Thus, the distinct physiochemical properties of lipid systems resulting from varied 

composition potentially underlie the distinct interactions between htt and different lipid systems.  

An important membrane component in the central nervous system is cholesterol, with 

~25% of total body cholesterol being found in the brain.36–39 Brain cholesterol is synthesized 

locally due to the blood-brain barrier preventing uptake from circulation,37–40 and cholesterol is 

critical to effective signal transduction through its roles in myelination38,39 and lipid raft 

function.37–39,41 More broadly, cholesterol modulates physical membrane properties, including 

fluidity and permeability,42,43 organization,41 and ultimately membrane function.41,42 In HD, 
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cholesterol homeostasis is disrupted, though there are conflicting reports on whether cholesterol 

content is reduced37–40 or increased.44 When htt was exposed to TBLE membranes enriched in 

cholesterol, the binding and insertion of htt into membranes was reduced, and membrane 

susceptibility to htt-induced damage was decreased.36 Interestingly, cholesterol enrichment also 

promoted a distinct htt aggregation pattern on the membrane surface that resulted in elevated, 

plateau-like domains that extended several nanometers above the membrane surface.  

Aggregation is heavily influenced by the cellular environment, and htt-lipid interactions 

are dependent on lipid system and composition. As cholesterol homeostasis is altered in HD, the 

influence of cholesterol content on htt aggregation and htt/lipid interactions may play a key role 

in pathogenesis. Our aim was to identify how the addition of cholesterol modulates the ability of 

htt to bind and complex with different lipid species with varying head groups and tails and 

evaluate the effect of these interactions on subsequent aggregation.  

2.3 Materials and Methods 

2.3.1 Purification of GST-Htt-Exon1 Fusion Protein 

Glutathione S-transferase (GST)-htt-exon1 fusion proteins of disease length (46Q) were 

purified as previously described.45 In short, GST-htt fusion proteins were expressed by induction 

in Escherichia coli with isopropyl-thio-galactopyranoside (IPTG) for four hours at 30 °C. The 

cells were lysed using lysozyme (0.5 mg/mL) and sonication with a sonic dismembrator 

(FisherSci), then liquid chromatography (BioRad LPLC) using a 5 mL GST affinity column was 

used to purify the fusion proteins. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) was used to analyze fractions and verify the presence of htt, then the concentration 

was determined using Coomassie Bradford reagent. Prior to all experiments, high speed 

centrifugation of fusion protein solutions at 20,000 g at 4 °C for 45 mins removed pre-existing 
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aggregates then fusion proteins were incubated with Factor Xa (Promega, Madison, WI) to 

cleave the GST tag and initiate aggregation for experiments.  

2.3.2 Lipid Vesicle Preparation 

Stocks of DOPC, POPC, POPG, and cholesterol were dissolved in chloroform and mixed 

to the desired mass ratios at a total mass of 1 mg lipid per tube. Once mixed, the chloroform was 

evaporated off using a gentle stream of nitrogen to form a dried lipid film. Films were stored at  

-20 °C in parafilm-wrapped Eppendorf tubes until needed. On the day of experimentation, lipid 

films were rehydrated in tris buffer (pH=7.4) with agitation for a minimum of one hour. Lipid 

vesicles were formed via ten freeze-thaw cycles using liquid nitrogen and a thermomixer (45 

°C), followed by one hour of bath sonication.  

2.3.4 Thioflavin T (ThT) Aggregation Assay 

Thioflavin T (ThT) assays were used to monitor htt fibril formation as a function of time 

in the presence and absence of different lipid systems. For each condition, htt-exon1(46Q) (10 

µM) was incubated with ThT (125 µM) in black Costar 96-well plates with clear flat bottoms. 

For the lipid conditions, 100 µM of the desired lipid vesicle solution was added to result in a 

10:1 lipid:protein ratio. Experiments were run at 37 °C for 18 h, and ThT fluorescence was 

recorded every 5 min using a SpectraMax M2 microplate reader (excitation 400 nm, emission 

484 nm). Relative maximum fluorescence was calculated by normalizing the maximum 

fluorescence intensity of each condition to the maximum fluorescence of the huntingtin control 

(100%). Relevant controls were measured and subsequently subtracted from the curves to show 

the fluorescent signal strictly associated with htt aggregation.  Each condition was performed a 

minimum of three times, and error bars represent the standard error. 
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2.3.5 Polydiacetylene (PDA) Lipid Binding Assay 

To measure htt-lipid interaction, PDA lipid binding assays were performed using 

previously reported protocols.46,47 Briefly, monomeric 10,12-tricosadiynoic acid was mixed with 

the desired lipid system at a 2:3 molar ratio in a 4:1 chloroform/ethanol solution. Lipid films 

used in this step were formed by mixing lipids to the desired cholesterol content and then drying, 

as previously described. Once the lipid and 10,12-tricosadiynoic acid were mixed, the organic 

solvents were evaporated off with a gentle stream of nitrogen. Resulting films were rehydrated in 

tris buffer (70 °C) and sonicated to promote mixing. Periods of sonication did not exceed 5 min 

each to avoid extensive heating of the solution. Following sonication, lipid solutions were left at 

4 °C overnight to allow for PDA/lipid vesicle formation. The following day, lipid solutions were 

equilibrated to 25 °C and irradiated at 254 nm to polymerize the 10,12-tricosadiynoic acid, 

resulting in a royal blue solution that would undergo a colorimetric shift to red when stress was 

applied to the vesicles. PDA/lipid vesicles were then incubated with htt-exon1(46Q) (10 µM) for 

18 h at 30 °C. Absorbance of the blue (650 nm) and red (500 nm) wavelengths were recorded 

every 5 minutes on a SpectraMax M2 microplate reader with 1 minute of orbital shaking before 

each read. Negative controls consisted of equal parts PDA/lipid solution and neat buffer for each 

unique lipid mixture. As a positive control, PDA/lipid vesicles were incubated with equal part 

saturated NaOH (pH=12), which induces a colorimetric response by increasing repulsion among 

lipid head groups and causing stress on the vesicles.48,49 The NaOH results in the maximum 

colorimetric shift for each lipid system that can then be used to establish the sensitivity of 

different lipid/PDA systems and normalize results.50 For each condition, the percent colorimetric 

response (% CR) was calculated using the following equation: 

%	𝐶𝑅 = '
𝑃𝐵! − 𝑃𝐵
𝑃𝐵!

+ × 100 
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where PB is defined as Ablue/(Ablue+Ared) for the negative control (PB0) and sample condition 

(PB). Each condition was performed a minimum of three times, and error bars represent the 

standard error of the sample set.  

2.3.6 Atomic Force Microscopy (AFM) 

Purified htt-exon1(46Q) (10 µM) was incubated with and without lipid vesicles (100 µM 

for a 10:1 lipid:protein ratio) at 37 °C with constant orbital agitation. At the desired time points, 

2 µL of each sample was deposited on freshly cleaved mica. One minute after deposition, the 

mica was rinsed with 200 µL of 18 MΩ water and dried with a gentle stream of clean air. 

Samples were imaged using a Nanoscope V Multi-Mode scanning probe microscope (VEECO) 

equipped with a closed loop vertical engage J-scanner. Silicon-cantilevers with a nominal spring 

constant of 40 N/m and a resonance frequency of 300 kHz were used. All images were collected 

with a scan rate of 1.99 Hz and cantilever drive frequencies at 10-20% of resonance. Images 

were analyzed using the Matlab image processing toolbox (MathWorks) as previously 

described.51  

2.3.7 Pulled-Tip Capillary Emitter and Capillary Vibrating Sharp-Edge Spray Ionization 

(cVSSI) Device Fabrication.  

Detailed descriptions of cVSSI devices have been provided previously.52,53 In short, a 

piezoelectric transducer was attached to the end of a glass slide coverslip using epoxy glue. A 

glass capillary emitter (0.5 mm I.D.) was pulled (Sutter Instrument Company, Novato, CA) and 

mechanically cut with a ceramic cutter to the desired I.D. (70-100 µm) verified under a 

microscope. The emitter was secured to the end opposite the piezoelectric transducer using glass 

glue. A blunt, fused silica capillary (250 µm I.D., 355 µm O.D., 5 cm-long) was inserted into the 

glass emitter and glued to the flat end using epoxy glue. PTFE tubing was used to connect a 
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syringe to the fused silica capillary of the cVSSI device. A 5 cm platinum wire was inserted into 

the PTFE tubing near the end connecting to the cVSSI device as an electrode for field-enabled 

experiments. RF signal (~94 kHz sine wave, 9-10 Vpp) was applied to the piezoelectric 

transducer via a function generator and connected amplifier.  

2.3.8 Capillary Vibrating Sharp-Edge Electrospray Ionization-Mass Spectrometry (cVSSI-

MS) 

MS was used to investigate complexes formed between Nt17 peptide and various lipid 

vesicles with different cholesterol content. Lipid vesicles were formed by rehydrating films in 10 

mM  ammonium acetate solution, bath sonicated for 1 h, and subjected to 10 freeze-thaw cycles 

using liquid nitrogen. Nt17 peptide (10 µM) was incubated with lipid vesicles (10:1 lipid:peptide 

ratio) for 24 h at 37 °C. Samples were analyzed using a Q-Exactive Hybrid Quadrupole mass 

spectrometer using cVSSI devices. Spectra were collected in both positive-ion and negative-ion 

mode over a mass-to-charge (m/z) ratio range of 350 to 4,000. Samples were infused at a flow 

rate of 10 µL/min with 1.8 kV applied to the Pt wire. MS instrument parameters were: 250 °C 

capillary inlet temperature, 1 × 106 for the AGC, and 70,000 for MS resolution. Mass spectra for 

each sample were recorded in triplicate for 30 seconds each, with the high voltage turned off and 

the device flushed between each replicate to account for any device variability. Data were 

analyzed using the Xcalibur 2.2 software suite (Thermo Scientific). 

2.4 Results 

2.4.1 Lipids Alter Htt-Exon1(46Q) Aggregation in a Composition-Dependent Manner 

The ability of lipid membranes to alter aggregation is well established.28–34,36 To 

determine how the addition of cholesterol impacts the ability of lipid membranes to influence htt 

aggregation, htt-exon1(46Q) (10 µM) was incubated with vesicles of POPC, DOPC, or POPG 
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that contained no cholesterol or were enriched with either 10% or 20% cholesterol (% w/w) in a 

10:1 lipid to protein molar ratio. Aggregation was monitored as a function of time using ThT, 

which fluoresces when bound to fibril associated b-sheet structure (Figure 2.1A-C). Htt-

exon1(46Q) aggregation in the absence of lipids was measured for comparison. The maximum 

ThT signal for each condition was analyzed, then normalized to htt-exon1(46Q) alone to 

compare the extent of fibril formation (Figure 2.1D-F). The time required to reach 50% of the 

maximum signal (t50) was also determined to evaluate if different lipid systems were altering 

initial aggregation events (Figure 2.1G-I). 

 

Figure 2.1. ThT aggregation assays for htt-exon1(46Q) incubated in the presence of 
different lipid vesicles with varying amounts of exogenously added cholesterol. Htt 
concentration was 10 µM with a protein:lipid ratio of 1:10. Representative ThT assays for POPC 
(A), DOPC (B), and POPG (C) conditions are shown. The relative maximum signal for all POPC 
(D), DOPC (E), and POPG (F) conditions were calculated and averaged across all runs. The time 
to reach 50% of the maximum signal (t50) for all POPC (G), DOPC (H), and POPG (I) conditions 
were determined and averaged across all runs. In panels A-C error bars are provided for every 
sixth data point (30 min) and represent the standard error of the mean (SEM) between triplicate 
wells of an individual run. Analysis in panels D-F were determined as averages over all trials, 
values are normalized as a percentage relative to the htt-exon1(46Q) control in the absence of 
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lipid, and error bars represent SEM. Analysis in panels G-H were determined as averages across 
all runs and error bars represent SEM. Using a Student’s t-test, * represents a p-value <0.05 and 
** represents a p-value of <0.01. Grey asterisks are for conditions relative to the htt control, 
black asterisks are for conditions relative to the pure lipid system. 
 

The effect of lipid vesicles on htt-exon1(46Q) aggregation was dependent on both lipid 

composition and the amount of exogenously added cholesterol (Figure 2.1). Pure POPC vesicles 

had minimal, though statistically significant, impact on htt-exon1(46Q) aggregation with a 6% 

reduction in signal. The subsequent addition of exogenous cholesterol to POPC vesicles had an 

inhibitory effect, as addition of 10% and 20% exogenous cholesterol reduced the relative 

maximum signal by 11% and 16% respectively relative to the pure POPC vesicles (Figure 2.1D); 

however, there was no statistically significant difference in the t50 for all POPC conditions 

compared to control. The presence of pure DOPC vesicles inhibited htt-exon1(46Q) aggregation 

with a 30% reduction in relative maximum signal. Subsequent additions of exogenous 

cholesterol promoted aggregation relative to the pure lipid system, with 5% and 15% increases in 

signal for 10% and 20% exogenous cholesterol respectively. Even with some signal recovery for 

the conditions with exogenous cholesterol, aggregation overall was still reduced by 15%-23% 

relative to htt-exon1(46Q) alone (Figure 2.1E). The t50 was unaffected by the presence of DOPC 

vesicles (with and without cholesterol). Pure POPG vesicles promoted aggregation, with a 160% 

increase in signal. The addition of exogenous cholesterol reduced aggregation 14%-97% relative 

to the pure lipid system. Conditions containing exogenous cholesterol still promoted aggregation 

relative to htt-exon1(46Q) alone, with a 63%-146% increase in signal (Figure 2.1F). With POPG 

vesicles (with and without cholesterol) strongly increasing aggregation, the t50 appeared reduced 

relative to control, but this did not reach statistical significance. 
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 To further investigate the effect of lipid composition and exogenous cholesterol content 

on htt-exon1(46Q) aggregation, morphology of htt aggregates was evaluated using AFM 

(Figures 2.2 and 2.3). Freshly prepared htt-exon1(46Q) (10 µM) was incubated in the presence 

and absence of vesicles comprised of POPC, DOPC, or POPG (10:1 lipid:htt-exon1(46Q) molar 

ratio). Additional incubations were performed with vesicles of each lipid that contained either 

10% or 20% exogenously added cholesterol. The 3 h time point was chosen because it typically 

results in a large oligomer population. The 8 h time point was chosen to obtain images of fibrils 

before extensive bundling, branching, and crossing occurred. Both oligomers and fibrils were 

observed across all incubation conditions (Figure 2.2). Fibril morphology appeared consistent 

with the htt-exon1(46Q) control for all POPC and DOPC lipid systems (Figure 2.2A-C), while a 

distinct spider-like fibril morphology was observed in the presence of all POPG lipid conditions 

(Figure 2.2D). Considering this observation, oligomer and fibril morphologies under each lipid 

condition were evaluated using automated Matlab scripts that determined morphological features 

for each individual aggregate. An oligomer was defined as any feature within an image 

composed of fewer than 50 pixels. For fibril analysis, fibrils were defined as any feature larger 

than 50 pixels (large amorphous aggregates were excluded by hand) with a contour length of at 

least 200 nm. In the case of the unique spider-like morphology observed under all POPG lipid 

conditions, the centers of the aggregates were much taller than the protruding fibrils, and thus 

were excluded for analysis of fibril height. The branching of POPG fibrils associated with the 

star-like morphology complicated the analysis of contour length. As a result, contour length 

represents the longest path through each star-like fibril. 
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Figure 2.2. Representative AFM images of all experimental conditions. 10 µM htt-
exon1(46Q) incubated with no lipid (A), pure POPC and POPC with 10% or 20% exogenous 
cholesterol (B), pure DOPC and DOPC with 10% or 20% exogenous cholesterol (C), and pure 
POPG and POPG with 10% or 20% exogenous cholesterol (D). The protein:lipid ratio was 1:10. 
The colormap and scale bar is applicable to all images. 
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Figure 2.3. AFM analysis of observed htt-exon1(46Q) aggregate species morphologies 
under varied lipid conditions. Correlation plots of diameter and height each oligomer at 3h for 
htt-exon1(46Q) in the absence of lipid and incubated in the presence of pure POPC and POPC 
with 10% and 20% exogenous cholesterol (A), pure DOPC and DOPC with 10% and 20% 
exogenous cholesterol (B), pure POPG and POPG with 10% and 20% exogenous cholesterol (C). 
Histograms of fibril contour lengths comparing htt-exon1(46Q) in the absence of lipid to all 
POPC, DOPC, and POPG lipid conditions at 3 h and 8 h (D). Histograms of fibril heights 
comparing htt-exon1(46Q) in the absence of lipid to all POPC, DOPC, and POPG lipid 
conditions at 3 h and 8 h (E). 
 

To deeper analyze if the lipid systems altered oligomer formation, oligomer morphology 

was evaluated by comparing the diameters and heights of oligomers identified in the htt-

exon1(46Q) control at both the 3 h and 8 h time points to those idenfied when incubated with 

each lipid system (Figure 2.3A-C). Oligomers formed in the presence of pure POPC were not 

morphologically different from those formed in the absence of lipid at either 3 h or 8 h; however, 
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the addition of 10% or 20% cholesterol to POPC vesicles promoted a statistically significant shift 

to smaller oligomer heights at 3 h (p<0.01 for each condition, Chi-squared test) while 8 h 

oligomers were not significantly different from the control (Figure 2.3A, Table 2.1). Under all 

DOPC lipid conditions, at both 3 h and 8 h, oligomers were not morphologically different from 

the htt-exon1(46Q) control (Figure 2.3B, Table 2.1). Under all POPG lipid conditions, at both 3 

h and 8 h, oligomers shifted to significantly smaller heights (p<0.01 for all conditions; Figure 

2.3C, Table 2.1).  

Fibril morphologies were compared by measuring the contour lengths of fibrils and the 

average height along the contour of the fibril. As the POPG star-like fibril morphology had a 

large height at the center where the branches connected, this was removed in calculating the 

average height along the contour. For branching structures, the longest path through the 

aggregate was considered the contour length. Fibril contour lengths for all POPC and DOPC 

systems were not significantly different from the htt-exon1(46Q) control at either 3 h or 8 h, 

while the POPG system shifted toward significantly longer fibrils at both timepoints (Figure 

2.3D, Table 2.1). The control demonstrated mode fibril contour lengths of 400 nm at 3 h, which 

was consistent for all POPC and DOPC systems regardless of cholesterol content while POPG 

fibrils shifted to longer contour lengths of mode 1000 nm. Fibril contour length increased at 8 h 

for all conditions, with the control shifting to a mode length of 700 nm and the POPC and DOPC 

conditions, regardless of cholesterol content, demonstrating minimal deviations from the control. 

The POPG system contour lengths remained relatively consistent under all conditions with a 

mode of 1000-1100 nm. Much like with contour length, fibril heights along the contour for all 

POPC and DOPC systems were not significantly different from the htt-exon1(46Q) control at 

either 3 h or 8 h, while the POPG systems shifted toward significantly smaller heights (p<0.01) 
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at both timepoints (Figure 2.3E, Table 2.1). Overall heights were consistent at both the 3 h and 8 

h timepoints, with POPC and DOPC conditions, regardless of cholesterol content, demonstrating 

a mode height of approximately 7-8 nm, while POPG shifted smaller to mode heights of 5-6 nm. 

Generally, aggregate morphologies for the zwitterionic lipid systems were more consistent across 

all conditions relative to the htt-exon1(46Q) control. The most notable change was with the 

anionic POPG systems, where oligomers were typically smaller and fibrils displayed a unique 

morphology with increased contour length and reduced fibril height. 
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Table 2.1. Significance of oligomer height, fibril height, and fibril contour length relative to the 
htt control. 

Oligomer Height 
Condition 3 h Significancea 8 h Significancea 

Htt Control N/A N/A 
POPC 0% Cholesterol Not Significant Not Significant 
POPC 10% Cholesterol Significant Not Significant 
POPC 20% Cholesterol Significant Not Significant 
DOPC 0% Cholesterol Not Significant Not Significant 
DOPC 10% Cholesterol Not Significant Not Significant 
DOPC 20% Cholesterol Not Significant Not Significant 
POPG 0% Cholesterol Significant Significant 
POPG 10% Cholesterol Significant Significant 
POPG 20% Cholesterol Significant Significant 

Fibril Contour Length 
Condition 3 h Significancea 8 h Significancea 

Htt Control N/A N/A 
POPC 0% Cholesterol Not Significant Not Significant 
POPC 10% Cholesterol Not Significant Not Significant 
POPC 20% Cholesterol Not Significant Not Significant 
DOPC 0% Cholesterol Not Significant Not Significant 
DOPC 10% Cholesterol Not Significant Not Significant 
DOPC 20% Cholesterol Not Significant Not Significant 
POPG 0% Cholesterol Significant Significant 
POPG 10% Cholesterol Significant Significant 
POPG 20% Cholesterol Significant Significant 

Fibril Height 
Condition 3 h Significancea 8 h Significancea 

Htt Control N/A N/A 
POPC 0% Cholesterol Not Significant Not Significant 
POPC 10% Cholesterol Not Significant Not Significant 
POPC 20% Cholesterol Not Significant Not Significant 
DOPC 0% Cholesterol Not Significant Not Significant 
DOPC 10% Cholesterol Not Significant Not Significant 
DOPC 20% Cholesterol Not Significant Not Significant 
POPG 0% Cholesterol Significant Significant 
POPG 10% Cholesterol Significant Significant 
POPG 20% Cholesterol Significant Significant 

a A condition is considered significant if the result from a Chi-Squared test was p<0.01.   
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2.4.2 Htt-Exon1(46Q)/Lipid Interactions are Altered in a Composition-Dependent Manner.  

Cholesterol content was shown to impact aggregation to different extents depending on 

lipid composition, indicating altered interactions between htt-exon1(46Q) and lipids. To directly 

evaluate htt-exon1(46Q) interactions with lipids and the influence of exogenous cholesterol, a 

colorimetric membrane binding assay with lipid/polydiacetylene (PDA) vesicles was used. The 

lipid components were POPC, DOPC, POPG, or the same pure lipid systems with 10% or 20% 

exogenously added cholesterol. When exposed to proteins, the colorimetric response (CR) of 

each system directly correlates to the extent of protein/lipid interaction, as there is a transition in 

the structure of the polymerized PDA backbone due to the binding and/or insertion of proteins 

into the vesicle (Figure 2.4A-C). The percent CR was obtained for each condition as described 

by equation 1. The maximum percent CR was then calculated by dividing the percent CR of the 

designated condition by the maximum percent CR from exposure of the lipid vesicles to NaOH, 

which was then normalized to 100%. Relative percent CR of each well was calculated by 

dividing the maximum percent CR of each well by the average maximum percent CR across 

triplicate wells of that condition normalized to 100%, which were then averaged across all 

separate runs (Figure 2.4D-F). The time required to reach 50% of the maximum signal (t50) was 

also determined to evaluate the relative rate of htt-exon1 insertion into the vesicles (Figure 2.4G-

I). 
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Figure 2.4. PDA/lipid binding assays for htt-exon1(46Q) incubated with different lipid 
systems with varied amounts of exogenously added cholesterol. Htt concentration was 10 µM 
with a protein:lipid ratio of 1:10. Representative PDA assays for POPC (A), DOPC (B), and 
POPG (C) conditions are shown. The relative maximum signal for all POPC (D), DOPC (E), and 
POPG (F) conditions were calculated and averaged across all runs. The time to reach 50% of the 
maximum signal (t50) for all POPC (G), DOPC (H), and POPG (I) conditions were determined 
and averaged across all runs. In panels A-C error bars are provided for every sixth data point (30 
min) and SEM between triplicate wells of an individual run. Analysis in panels D-F were 
determined as averages over all trials, values are normalized as a percentage relative to the htt-
exon1(46Q) control in the presence of pure lipid, and error bars represent SEM. Analysis in 
panels G-H were determined as averages across all runs and error bars represent SEM. Using a 
Student’s t-test, * represents a p-value of <0.05 and ** represents a p-value of <0.01 relative to 
the pure lipid systems. 
 

Incubation of htt-exon1(46Q) with POPC vesicles containing 10% and 20% cholesterol 

resulted in a decrease in the relative maximum signal by 30% and 48% respectively compared to 

interactions with pure POPC vesicles, indicating decreasing htt-exon1(46Q)/lipid interactions 

with increasing cholesterol content (Figure 2.4D). Despite the total binding signal reducing with 

the addition of cholesterol to POPC vesicles, the t50 was significantly reduced relative to the pure 

POPC system. This suggests that cholesterol alters the membrane in a manner that promotes 
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accessible binding sites, but that these sites are quickly saturated (Figure 2.4G). When htt-

exon1(46Q) was incubated with DOPC vesicles containing 10% and 20% cholesterol there was 

an increase in the relative maximum signal of 225% and 500% respectively relative to 

interactions with pure DOPC vesicles, indicating increased htt-exon1(46Q)/lipid interactions 

with increasing cholesterol content (Figure 2.4E). The t50 for DOPC significantly decreased with 

the addition of cholesterol, suggesting that the addition of cholesterol creates more putative 

binding sites on the vesicle surface but that these sites are not necessarily more accessible 

(Figure 2.4H). The In the case of POPG vesicles with 10% and 20% cholesterol, an increase in 

relative maximum signal by 110% and 184% respectively relative to interactions with pure 

POPG vesicles, indicating increased htt-exon1(46Q)/lipid interactions with increasing 

cholesterol content (Figure 2.4F). While the t50 decreased with the addition of cholesterol into 

POPG vesicles (Figure 2.4I), this change was not statistically significant. 

2.4.3 Cholesterol Content Alters Complex Formation Between Lipids and the Lipid 

Binding Domain of Htt-Exon1(46Q).  

The Nt17 domain of htt-exon1(46Q) facilitates interactions with lipid and can modify 

aggregation on membranes.10 Nt17 peptide has been shown to have a similar interaction 

mechanism with membrane as htt-exon1(46Q),31 and the mechanism does not change 

significantly with the addition of glutamines.54 Therefore, synthetic Nt17 peptide was used to 

investigate the influence of lipid composition on the formation of protein/lipid complexes using 

capillary vibrating sharp-edge spray ionization (cVSSI)-MS due to the demonstrated ability of 

cVSSI to increase ion signals for field enabled experiments in both positive and negative mode.53 

Nt17 (10 µM) was incubated with vesicles of POPC, DOPC, POPG, and the same pure lipid 

systems with 20% cholesterol, at a 10:1 lipid to peptide molar ratio for 24 h prior to analysis with 
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cVSSI-MS. The 24 h incubation time was chosen based on work using another small peptide, 

melittin, in which acyl chain transfer from lipid to peptide was observed in the presence of 

cholesterol,55 allowing for the observation of potential cholesterol-aided acyl chain transfer to 

Nt17. Triplicate spectra of each sample were collected in positive ion mode. The integrated peak 

area of each identified complex was calculated by integrating the ion signal for each isotopic 

distribution of the given complex. The integrated peak areas of all complexes were normalized to 

that of the doubly-charged peptide monomer ([M+2H]2+ at m/z 988.50). Complexes are 

represented in [M+L] format, in which M represents Nt17 peptide and L represents the specified 

lipid. 

 

 

 

 

 

 

 

 

 

 

 

 

 



   49 

Table 2.2. Identified ions for Nt17 incubated with pure POPC, DOPC, and POPG vesicles and 
the same vesicles with 20% exogenously added cholesterol with their corresponding mass to 
charge ratios and charge states. 
 

Iona m/z Charge 
State Iona m/z Charge 

State Iona m/z Charge 
State 

POPC 0% Cholesterol DOPC 0% Cholesterol POPG 0% Cholesterol 
1Nt17 + 1POPC 1367.31 2 1Nt17 + 1DOPC 1380.32 2 1Nt17 + 1POPG 1361.78 2 
2Nt17 + 1POPC 1569.55 3 1Nt17 + 1DOPC 2759.63 1 1Nt17 + 2POPG 1736.05 2 
3Nt17 + 1POPC 1670.67 4 1Nt17 + 2DOPC 1773.11 2    

   1Nt17 + 3DOPC 2165.91 2    
   2Nt17 + 1DOPC 1578.22 3    
   2Nt17 + 1DOPC 2366.83 2    
   2Nt17 + 2DOPC 1840.09 3    
   2Nt17 + 3DOPC 2101.95 3    
   3Nt17 + 1DOPC 1677.18 4    
   3Nt17 + 3DOPC 2069.97 4    
   4Nt17 + 1DOPC 2170.43 4    

POPC + 20% Cholesterol DOPC + 20% Cholesterol POPG + 20% Cholesterol 
1Nt17 + 2POPC 1747.03 2 1Nt17 + 1DOPC 1380.32 2 1Nt17 + 1POPG 908.19 3 
2Nt17 + 1POPC 1569.55 3 1Nt17 + 1DOPC 2759.63 1 1Nt17 + 1POPG 1361.78 2 
2Nt17 + 2POPC 1822.74 3 1Nt17 + 2DOPC 1773.11 2 1Nt17 + 3POPG 2110.31 2 
3Nt17 + 1POPC 1670.67 4 1Nt17 + 3DOPC 2165.91 2 2Nt17 + 2POPG 1361.78 4 

   2Nt17 + 1DOPC 1578.22 3 2Nt17 + 2POPG 1815.38 3 
   2Nt17 + 1DOPC 2366.83 2 2Nt17 + 3POPG 1548.91 4 
   2Nt17 + 2DOPC 1840.09 3 2Nt17 + 3POPG 2064.88 3 
   2Nt17 + 3DOPC 2101.95 3    
   3Nt17 + 1DOPC 1677.18 4    
   3Nt17 + 1DOPC 2235.90 3    
   4Nt17 + 1DOPC 2170.43 4    

a The following monoisotopic masses were used to assign peaks: 1973.03 for Nt17 peptide, 
759.58 for POPC lipid, 785.59 for DOPC lipid, and 748.53 for POPG lipid. 
 

  When Nt17 was incubated with pure POPC, complexes identified contained upwards of 

three peptide and one lipid molecules (Table 2.2; Figure 2.5A). The highest relative peak area 

was for [1M+1L] (2.8% ± 0.90%) and smaller populations of [2M+1L] and [3M+1L] (1.3% ± 

0.45% and 0.8% ± 0.30% respectively). When 20% exogenous cholesterol was added to the lipid 

vesicles, complexes containing upwards of [3M+1L] and [2M+2L] were observed (1.1% ± 

0.25% and 0.11% ± 0.03% respectively). Complexes containing one peptide were less prevalent, 

with a total relative integrated peak area of 0.2%. Complexes containing two and three peptides, 
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however, were more prevalent in the 20% cholesterol system with total relative integrated peaks 

areas of 2.7% and 1.1% respectively (Figure 2.5B). 

 

Figure 2.5. Mass spectrum and analysis of Nt17/lipid complex formation in the presence of 
pure POPC vesicles and POPC vesicles with 20% exogenously added cholesterol using 
cVSSI-MS. Peptides are denoted as M and lipids are denoted as L. The Nt17 concentration was 
10 µM and the peptide:lipid ratio was 1:10. (A) A representative mass spectrum of Nt17 
incubated with pure POPC vesicles where insets show isotopic distributions of some identified 
peptide/lipid complexes. (B) The total percent relative peak areas for 1M, 2M, 3M, and 4M 
complexes identified after incubation with different POPC vesicle compositions. Error bars 
represent SEM. 
 

 Incubating Nt17 with pure DOPC yielded complexes containing upwards of [4M+3L] 

(Table 2.2; Figure 2.6A). Complexes containing one peptide account for the largest relative peak 

area at 27.5% total, followed by those containing two (10.3%), three (3.6%), and four peptides 

(1.0%). Complexes of up to [1M+3L] and [2M+3L] were observed (1.4% ± 0.25% and 0.45% ± 

0.07% respectively) in addition to [3M+1L] and [4M+1L] complexes (3.3% ± 0.36% and 0.98% 

± 0.25% respectively). With the addition of 20% exogenous cholesterol, again the largest total 

relative peak area was associated with complexes containing one peptide (17.7% total relative 

peak area) followed by two (8.0%), three (4.0%), and four peptides (1.2%). Similar in trend with 

the pure lipid system, complexes of up to [1M+3L] and [2M+3L] were observed (0.27% ± 

0.03% and 0.15% ± 0.02%), with decreasing percent relative peak area linked to increasing lipid 
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monomers present in the complex. The complexes containing one or two peptides in the 20% 

cholesterol system, regardless of the number of lipids attached, were of a lower percent relative 

peak area compared to the pure lipid system. However, complexes containing three and four 

peptides, again regardless of the number of lipids in the complex, were of a higher percent 

relative peak area than those of the pure lipid system (Figure 2.6B).  

 

Figure 2.6. Mass spectrum and analysis of Nt17/lipid complex formation in the presence of 
pure DOPC vesicles and DOPC vesicles with 20% exogenously added cholesterol using 
cVSSI-MS. Peptides are denoted as M and lipids are denoted as L. The Nt17 concentration was 
10 µM and the peptide:lipid ratio was 1:10. (A) A representative mass spectrum of Nt17 
incubated with pure DOPC vesicles where insets show isotopic distributions of some identified 
peptide/lipid complexes. (B) The total percent relative peak areas for 1M, 2M, 3M, and 4M 
complexes identified after incubation with different DOPC vesicle compositions. Error bars 
represent SEM. 
 

When Nt17 was incubated with pure POPG, peptide/lipid complexes identified contained 

upwards of [1M+2L] (Table 2.2; Figure 2.7A). The complexes were predominantly [1M+1L] at 

50.5% ± 5.6%, with [1M+2L] complexes being less prevalent at 9.7% ± 2.5%. When 20% 

cholesterol was added to the lipid vesicles, complexes containing two peptides were present in 

addition to complexes containing one peptide. In the 20% cholesterol condition [1M+1L] 

complexes were of a lower percent relative peak area at 22.3% ± 1.6%. [2M+2L] and [2M+3L] 
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complexes were observed with relative peak areas of 23.0% ± 2.1% and 0.6% ± 0.30% 

respectively (Figure 2.7B).  

  

 

Figure 2.7. Mass spectrum and analysis of Nt17/lipid complex formation in the presence of 
pure POPG vesicles and POPG vesicles with 20% exogenously added cholesterol using 
cVSSI-MS. Peptides are denoted as M and lipids are denoted as L. The Nt17 concentration was 
10 µM and the peptide:lipid ratio was 1:10. (A) A representative mass spectrum of Nt17 
incubated with pure POPG vesicles where insets show isotopic distributions of some identified 
peptide/lipid complexes. (B) The total percent relative peak areas for 1M, 2M, 3M, and 4M 
complexes identified after incubation with different POPG vesicle compositions. Error bars 
represent SEM. The * represents conditions where N=2 and the error is represented as the 
difference between the high and the low values, as the third spectrum in the series shifted toward 
smaller species indicative of a discharge. 

 

2.5 Discussion 

Amyloid formation and subsequent interactions are influenced by the cellular 

environment.56–58 An important factor is the presence of cellular and subcellular membranes, 

where membrane composition further modulates amyloid formation and subsequent interactions. 

In this study, the impacts of cholesterol in simple lipid systems on htt-exon1(46Q) aggregation 

and binding was evaluated. In the case of POPC, increasing cholesterol content decreased fibril 

formation and htt/membrane interactions while promoting dimeric and trimeric Nt17/lipid 

complexes typically containing a single lipid. Increasing cholesterol content of DOPC vesicles 
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enhanced fibril formation and the ability of htt to bind to the membrane while promoting trimeric 

and tetrameric htt/lipid complexes that contained fewer lipid monomers. For pure POPG 

systems, increasing cholesterol content reduced fibril formation, increased htt/lipid interactions, 

and promoted the formation of dimeric htt/lipid complexes that included more lipid monomers. 

The data suggests inherently complex htt/lipid interactions and underlies the critical role of lipid 

composition on aggregation and lipid binding. 

Previous studies in conjunction with this study highlight the complexity of htt 

aggregation mechanisms and lipid interactions.28–34,59 Physiochemical properties of lipids as a 

function of composition play a dominant role in such mechanisms, and small changes in features 

such as charge, tail group, or incorporation of other crucial membrane components can have 

varied impacts. Cholesterol dysregulation has been observed in HD, though debate remains with 

respect to cholesterol being downregulated37–40 or upregulated.44 Cholesterol is a crucial 

component of membranes, with important roles in modulating properties such as fluidity and 

permeability,42,43 organization,41 and overall membrane function.41,42 Generally, cholesterol 

preferentially associates with large headgroup lipids, such as PC lipids, and lipids with more 

saturated tail groups.60 When cholesterol is incorporated into membranes, there are changes to 

area per lipid, membrane thickness, bending and compressibility moduli, and lipid tail order 

parameters.61,62 In the case of POPC, the addition of cholesterol reduces overall fluidity and 

increases order,63 which results in a decrease in membrane defects. This reduction in the 

presence of defects correlates to reduced lipid binding with increasing cholesterol content 

observed in the PDA assay. Despite overall reduced lipid binding, with the addition of 

exogenous cholesterol there was a significant decrease in t50 values. This indicates faster 

interaction between htt and cholesterol-containing POPC vesicles despite reduced interactions 
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overall. This could suggest that the incorporation of cholesterol influences early interactions of 

htt with the membrane by facilitating faster association, but due to reduced defects and fluidity 

overall binding is reduced. Increasing cholesterol content in DOPC lipid systems results in an 

increase in area per lipid,64 causing more defects at the surface. Increasing the presence of 

defects correlates to increased lipid binding with increasing cholesterol content observed in the 

PDA assay. With increasing cholesterol content there was a significant reduction in t50 values 

relative to the pure lipid system. This suggests that with the addition of cholesterol causing an 

increase in defects htt more readily associates.  POPG lipid systems form a tightly packed bilayer 

due to interlipid bridges and hydrogen bonding overcoming the electrostatic repulsion that exists 

between headgroups.65 The addition of cholesterol to POPG systems could spread out the 

headgroups and allow for more interaction with htt as observed in the PDA assay. The t50 values 

for the POPG systems did not change significantly with the addition of cholesterol, indicating no 

significant changes in association based on cholesterol content, though overall lipid binding 

decreases with increasing cholesterol content. This could suggest that initial interactions are 

driven by electrostatics, but the addition of cholesterol likely spreads out the negative charge 

over the vesicle surface, reducing htt binding overall. Cholesterol content also varies throughout 

cellular and subcellular membranes. The plasma membrane contains the largest amount of 

cholesterol relative to phospholipid content, followed by late endosomes, the golgi, endoplasmic 

reticulum/nuclear envelope, and the mitochondria.66 The role of cholesterol in modulating 

physiochemical properties of membranes, its presence and varied content in various cellular and 

subcellular membrane systems, and its dysregulated homeostasis in the case of HD make it a 

component of particular interest as its varying impact on membranes can broadly influence the 

ability of htt to interact with and aggregate on membranes. For example, the addition of 
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cholesterol to brain lipid extract completely alters the morphological impact on bilayers upon 

exposure to htt-exon1.36 

The addition of cholesterol altered htt aggregation and the ability to form complexes with 

all three model systems investigated here. Based on ThT assays, pure POPC had minimal impact 

on htt-exon1(46Q) fibril formation, pure DOPC reduced fibril formation, and pure POPG 

increased fibril formation; trends which align with previous studies.33,34  With increasing 

cholesterol content in the POPC and POPG systems, there was a decrease in fibril formation, 

while MS revealed Nt17/lipid complexes generally had a higher lipid content. In the case of 

DOPC, when cholesterol content was increased there was a reduction in fibrilization and MS 

revealed Nt17/lipid complexes that generally included fewer lipids. These trends suggest that the 

incorporation of more lipids into Nt17 complexes has a protective role against fibril formation.  

In the case of htt-lipid interactions revealed by PDA assays, increasing cholesterol content 

resulted in decreased lipid interactions with POPC systems and increased lipid interactions with 

DOPC and POPG systems. Trends in lipid binding may be attributed to changes noted in 

aggregation in the case of POPC and DOPC. With increasing cholesterol content POPC systems 

showed a reduction in both aggregation and lipid binding, while both trends increased in the case 

of DOPC. This suggests that with reduced aggregation in the case of POPC systems, interactions 

with the lipid may be smaller species as indicated by MS data (e.g., the absence of larger 

tetrameric species). Conversely, larger species including tetramers were present in the case of 

DOPC systems. The same trend was not observed in the case of POPG, where aggregation 

decreased with increasing cholesterol content while lipid binding increased. However, it is 

important to consider the influence cholesterol would have on the number and size of surface 

defects and, in the case of anionic POPG, charge distribution over the surface of vesicles. It is 
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likely that the inclusion of cholesterol in the systems used for this study also influences Nt17 

orientation and insertion.  

Based on computational studies, the interaction of Nt17 with phospholipid bilayers 

involves four basic steps: approach, reorganization, anchoring, and insertion;67 however, the 

behaviors of amyloid proteins and their selective interactions with membranes is heavily 

dependent on physiochemical properties of the membrane system itself.56  In the case of htt 

specifically, changes to lipid headgroups or tail groups change aggregation, lipid binding, Nt17 

orientation at the membrane surface, and htt/lipid complex formation. With anionic lipid 

headgroups, electrostatics are likely the major influence on htt-lipid interactions, considering the 

net positive charge of the Nt17 domain.68 This is consistent with previous studies demonstrating 

the localization of htt to acidic membranes26 and anionic membranes enhancing fibril 

formation.34 POPC/POPS membranes, for example enhances htt fibrillization via a unique Nt17-

mediated mechanism based on membrane anchoring and two-dimensional diffusion.69 Indeed, it 

appears that anionic character in lipid bilayers can result in a high local concentration at the 

interface without deep insertion,34 allowing for easy diffusion of htt molecules along the bilayer. 

This is consistent with the observation of predominately monomeric Nt17 with pure POPG. The 

altered morphology of both htt oligomers and fibrils observed in the presence of POPG based 

vesicles compared to control also suggests a unique aggregation mechanism. Importantly, this is 

further mediated by the addition of cholesterol. With POPG, both the PDA assay and the 

increase in the number of complexes formed suggest that the addition of cholesterol facilitates a 

deeper penetration of htt into the bilayer. This more intimate interaction with lipids slows htt 

fibril formation relative to aggregation observed with pure POPG vesicles. Interestingly, the 

morphological changes of htt aggregates is less pronounced with increasing cholesterol. The 
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heavy influence of anionic lipids on aggregation is observed with other amyloid proteins. For 

example, acidic phospholipid membranes enhance α-syn fibrillization.70 

While anionic headgroups promote fibril formation, zwitterionic headgroups have varied 

impacts on htt fibrilization and indicate stronger htt-lipid interactions, resulting in a higher 

abundance of complexes containing multiple peptides. With zwitterionic lipids, aggregation was 

promoted by saturated tail groups, minimally affected by monounsaturated tail groups, and 

inhibited by polyunsaturated tail groups.33 Computational studies with the same lipid systems 

demonstrated that the orientation and interactions between Nt17 and lipids also changed as a 

function of tail saturation, with Nt17 binding more tightly in a parallel orientation in the case of 

polyunsaturated lipids and less tightly in an orthogonal orientation in the case of saturated 

lipids.33 In addition to orientation, defect sensing is also a common mechanism associated with 

amphipathic α-helix binding to membranes,71–73 and this does appear to influence the affinity of 

Nt17 for membranes comprised of zwitterionic lipds.33 The modifying impact of cholesterol on 

htt binding both POPC and DOPC vesicles is likely influenced by cholesterol impacting 

membrane fluidity and packing. 

Minor changes to physiochemical properties as a function of lipid composition alters htt 

aggregation and lipid interactions in unique ways. This is a potential modifying factor to 

consider with respect to HD as changes to phospholipid metabolism (i.e. PC lipid metabolism) 

are observed in both HD patients74,75 and transgenic mouse models76,77 as a function of disease 

progression. While differentiating individual lipids within a class, i.e. saturated versus 

unsaturated PC lipids, is generally difficult there is interest in pursuing highly unsaturated fatty 

acids (HUFAs) as a treatment option for HD. The theory behind the approach focuses on 

potential neuroprotective effects of HUFAs due to their role in membrane function and ability to 
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alter the propensity of cells to undergo apoptosis.78 Two studies utilizing different HUFAs as 

treatments for HD patients claimed significant efficacy; however, they are not considered 

sufficient to guide decisions with respect to treatment due to the small number of participants in 

each study.78 Considering the complex nature of physiologically relevant systems whose lipid 

compositions are unique and likely variable with disease progression, it is important to 

understand the influence of systems beyond that of pure lipid systems alone to better understand 

mechanistic interactions of htt with various membranous systems such as organelles and the 

plasma membrane. The major phospholipid component of most cellular and subcellular 

membranes are PC lipids, but there are also varying ratios of PE, PI, and PS lipids in addition to 

others that are difficult to isolate and identify.42,43,66 Beyond phospholipid components, there are 

also varied amounts of other components such as sphingomyelin, gangliosides, and sterols such 

as cholesterol. In short, the ability of htt to interact with membranes is dependent on numerous 

factors related to membrane properties, i.e. fluidity, packing, thickness, and charge. The relative 

importance of each factor appears to be highly sensitive to lipid composition.  

The ability of htt and its aggregate forms to directly bind and disrupt membranes 

underscores the development of organelle membrane damage observed in HD. Cytoplasmic htt 

inclusions formed in mammalian cell and primary neuron models of HD are enriched with and 

sequester organelle membrane fragments deriving from the ER and mitochondria,35 suggesting 

that the aggregation process directly damages these surfaces. Indeed, htt fibrils directly impinge 

upon the ER membrane, compromising its integrity and dynamics.79 In both HD patients and 

mouse models, htt aggregation exasperates age-dependent disruption of the nuclear envelope, 

leading to DNA damage.80 Similar damage to organelle membranes (swollen mitochondria and 

absent nuclear membrane) develop in the striatum of a novel pig model of HD.81 Importantly, 
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each of these organelle membranes have unique lipid compositions. As lipid composition 

influences how htt interacts with and aggregates on these surfaces, mechanistic details of how htt 

damages different organelle membranes may vary. Even within mitochondria, htt aggregates 

impact inner and outer mitochondrial mimic membranes in distinct ways.82 Understanding how 

amyloid proteins aggregate in the presence of membranes and interact with them is critical to 

understanding the intricacies of toxic mechanisms attributable to htt aggregation. The intricacies 

of these interactions are demonstrated here with simple lipid systems enriched with cholesterol 

(Table 2.3). With increasing complexity of membrane composition, these htt/membrane 

interactions likely will become even more complicated. Future studies with more complex lipid 

systems could provide further detail on the intricacies of htt interactions with cholesterol-

containing membranes and the relationship between such interactions and toxicity. 

 

Table 2.3. Summary of the trends observed with each lipid system for all experiments 
performed. 

Experiment Results by Lipid System 
POPC DOPC POPG 

ThT Aggregation 
Assay 

Pure POPC had minimal 
impact on fibril formation; 

subsequent additions of 
cholesterol decreased fibril 

formation 

Pure DOPC reduced fibril 
formation; subsequent 
additions of cholesterol 

increased fibril formation 

Pure POPG promoted fibril 
formation; subsequent 
additions of cholesterol 
reduced fibril formation 

AFM: Oligomer 
Morphologies 

Pure POPC did not change 
oligomer morphology; 
addition of exogenous 

cholesterol caused significant 
shift to smaller heights 

No significant change to 
oligomer morphology with or 

without exogenous 
cholesterol 

Significant shift to smaller 
oligomer heights both with 

and without exogenous 
cholesterol 

AFM: Fibril 
Morphologies 

Minimal change to fibril 
height in the presence of 
POPC with or without 

cholesterol 

Minimal change to fibril 
height in the presence of 
DOPC with or without 

cholesterol 

Shift to slightly smaller fibril 
heights in the presence of 

POPG both with and without 
cholesterol 

PDA Lipid Binding 
Assay 

Lipid binding decreased with 
increasing cholesterol 

content 

Lipid binding increased with 
increasing cholesterol 

content 

Lipid binding increased with 
increasing cholesterol 

content 

MS: Peptide/Lipid 
Complexation 

Increased cholesterol content 
favored dimer and trimer 

complexes; generally fewer 
lipids incorporated into 

complexes 

Increased cholesterol content 
favored trimer and tetramer 
complexes; generally fewer 

lipids incorporated into 
complexes 

Increasing cholesterol 
favored dimer complexes; 

generally more lipids 
incorporated into complexes 
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3. Charge Within Nt17 Peptides Modulates Huntingtin Aggregation and Initial Lipid 

Binding Events 

 

3.1 Abstract 

Toxic aggregation of pathogenic huntingtin protein (htt) is implicated in Huntington’s 

disease and influenced by various factors, including the first seventeen amino acids at the N-

terminus (Nt17) and the presence of lipid membranes. Nt17 has a propensity to form an 

amphipathic a-helix in the presence of binding partners, which promotes the formation of a-

helix rich oligomers in addition to facilitating htt/lipid interactions. Within the Nt17 domain, 

there are multiple sites that are subject to post-translational modification, including acetylation 

and phosphorylation. Acetylation can occur at lysine 6, 9, and/or 15 while phosphorylation can 

occur at threonine 3, serine 13, and/or serine 16. Modifications at these sites impact aggregation 

and lipid binding through the alteration of various intra- and intermolecular interactions. The 

effects of free Nt17 peptides containing such modifications on htt aggregation and lipid binding 

were measured using thioflavin-T aggregation assays, atomic force microscopy, lipid binding 

assays, and mass spectrometry. Free Nt17 peptides containing point mutations mimicking 

acetylation or phosphorylation significantly reduced fibril formation when incubated with htt-

exon1(46Q), with observed shifts in oligomer morphologies. When exposed to lipid vesicles, 

changes to peptide/lipid complexation were observed and oligomers containing free Nt17 

peptides demonstrated small reductions in lipid interactions.  

3.2 Introduction 

Huntington’s disease (HD) is a fatal neurodegenerative disease resulting from an 

expansion in the poly-glutamine (polyQ) domain within the huntingtin (htt) protein.1 The 



   68 

expansion of the polyQ domain beyond a threshold of approximately 35 repeats2,3 causes htt to 

aggregate into amyloid-like fibrils.4–6 The aggregation pathway is very complex and involves 

various aggregate species including oligomers and amorphous aggregates.7 Sequences directly 

adjacent to the polyQ domain of the protein, including the first 17 amino acids at the N-terminus 

(Nt17), heavily influence htt interactions with respect to both aggregation8–13 and lipid binding.8–

11 Htt is an intrinsically disordered protein,14,15 but the Nt17 domain has a propensity to form an 

amphipathic a-helix that facilitates early interactions of htt through intermolecular association, 

promoting the formation of a-helix rich oligomers.9,13,16–18 Within these oligomers, polyQ 

domains are brought into close proximity, promoting fibril nucleation.13,19–21  

The Nt17 domain also facilitates lipid interactions and subsequent damage through its 

ability to form an amphipathic a-helix.16,22 Many of the normal functions attributed to htt, 

including vesicle transport and synaptic transmission,23,24 require interactions with a variety of 

lipid membrane systems. Specifically, htt associates closely with the endoplasmic reticulum 

(ER),25–27 mitochondrial,28–32 nuclear,26,27 and plasma membranes.33 Mutant htt aggregation 

damages organelle membranes. Inclusions interact with the ER, resulting in membrane 

deformation, impaired organization, and altered dynamics of the membrane.34 Damaged and 

fragmented mitochondria accumulate at the periphery of htt inclusions and have increased 

respiration rates.35 Interactions of htt at the nuclear envelope exacerbate age-related degeneration 

of the membrane and impairs nucleocytoplasmic transport.36  

Both aggregation and interactions between Nt17 and lipids are modulated by a variety of 

factors, including lipid composition. Compared to aggregation in bulk solution, total brain lipid 

extract (TBLE)37 and cellular lipid extracts38 reduce htt fibrillization. Some pure lipid systems, 

such as palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)37 and a mixture also containing 1-
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palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS)39 enhance fibril formation, with the 

POPC/POPS system promoting a unique aggregation pathway facilitated by Nt17 versus 

aggregation observed in the absence of lipid.39 Conversely, 1,2,-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) inhibits fibril formation.40 Lipid physiochemical properties play a large 

role in htt/lipid interactions, with htt demonstrating preferential interactions with anionic 

phospholipids compared to zwitterionic lipids.41 Additionally, while changes to lipid tail groups 

did not display a direct correlation between aggregation and htt/lipid complexation, it was 

revealed that membrane defect sizes in conjunction with Nt17 orientation and hydrophobic 

residue sizes are critical to lipid interactions.40 Changes to lipid composition by additional lipid 

components, including ganglioside (GM1) and sphingomyelin (SM) content, further modulate 

htt/lipid with the addition of either GM1 or SM to TBLE reducing the insertion of htt into the 

membrane and promoting unique aggregate morphologies.42  

A second modulating factor of htt interactions are several sites within Nt17 that are 

subject to post-translational modifications (PTMs). Such modifications include 

phosphorylation,12,43–45 acetylation,11,43 ubiquitination,46 and SUMOylation.47,48 PTMs at these 

sites alter both the aggregation propensity11,12,43,45,48,49 and lipid interactions11,48 of htt. 

Specifically, phosphorylation within Nt17 reduces aggregate accumulation,49 while lysine 

acetylation decreased the formation of large, globular oligomers and reduced membrane damage 

by altering Nt17/lipid association.11 Peptides with other mutations have also been used as mutant 

htt inhibitors; the incubation of htt with analogs of human Nt17 and sequence variants from 

evolutionarily distant organisms inhibited aggregation50 while other Nt17 derived peptides, 

especially those containing D-amino acids and sequences where cell penetrating sequences were 

attached, inhibited nucleation and subsequent aggregation.21  
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Aggregation is dependent on a variety of factors, including the presence of lipids and 

their composition in addition to post-translational modifications within the Nt17 domain. 

Considering the close association of htt with a variety of membrane systems and subsequent 

damage observed in HD, understanding htt-lipid interactions and how such interactions can be 

modulated is crucial to gaining a better understanding of the toxic mechanism and pathogenesis. 

Our aim was to identify how the incorporation of modified Nt17 peptides, with altered net 

charges, into oligomeric structures modulates aggregation, lipid binding, and htt/lipid 

complexation. 

3.3 Materials and Methods 

3.3.1 Preparation of Synthetic Peptides 

Synthetic Nt17 peptides were solubilized in dimethyl sulfoxide (DMSO) to a stock 

concentration of 2,000 µM. Solubilized peptide was stored at -20 oC until needed. On the day of 

the experiment, solubilized peptide was thawed and diluted to the desired final concentration 

such that the concentration of DMSO was less than 1% in the final solution. A synthetic htt-

exon1 mimic peptide consisting of Nt17, a 35 residue polyQ stretch, and a 10 residue polyproline 

stretch (referred to as Nt17Q35P10) was solubilized based on previously established protocols.6,51 

Lyophilized peptide was treated with a 1:1 mixture of trifluoroacetic acid (TFA) and 

hexafluoroisopropanol (HFIP). The solvent was removed under vacuum, and the resulting dried 

films were reconstituted in DMSO to a stock concentration of 4,000 µM and stored at -20 oC 

until needed. On the day of the experiment, stock peptide was diluted to the desired final 

concentration such that the DMSO concentration was less than 1% in the final solution. 

3.3.2 GST-Htt-Exon1 Fusion Protein Purification 

Disease length (46Q) glutathione S-transferase (GST)-htt-exon1 fusion protein was 
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purified as previously described.52 In short, GST-htt fusion proteins were expressed by induction 

in Escherichia coli with isopropyl-thio-galactopyranoside (IPTG) at 30 °C for 4 h. Cells were 

lysed using lysozyme (0.5 mg/mL) and sonication with a sonic dismembrator (FisherSci). Liquid 

chromatography (BioRad LPLC) with a GST affinity column was then used to purify the fusion 

proteins and the concentration was determined with Coomassie Bradford reagent. High speed 

centrifugation at 20,000 g for 45 min at 4 °C removed any preexisting aggregates from fusion 

protein solutions. Incubation of fusion proteins with Factor Xa (Promega, Madison, WI) cleaved 

the GST tag and initiated aggregation for experiments.  

3.3.3 Lipid Vesicle Preparation 

Lyophilized lipids of POPC, POPS, and TBLE were dissolved in chloroform and 

aliquoted into Eppendorf tubes. Aliquots were allowed to dry overnight, and the dry films were 

stored at -20 °C until needed. POPC and POPS aliquots were redissolved in chloroform and 

mixed to obtain 75/25% w/w PC/PS samples, which were dried overnight and stored at -20 °C 

until needed. For experiments, the dried films were rehydrated in tris buffer (150 mM NaCl, 

Tris-HCl, pH 7.4) for 1 h at 30 °C. Rehydrated lipids were subjected to 10 freeze-thaw cycles 

using liquid nitrogen. Lipid solutions were then bath sonicated for 1 h and stored at 4 °C. 

3.3.4 Thioflavin T (ThT) Aggregation Assay 

ThT assays were used to monitor fibril formation of htt-exon1 mimic peptide Nt17Q35P10 

incubated with and without various Nt17 peptides. For all conditions Nt17Q35P10 (5 µM) was 

incubated with ThT (125 µM) in black Costar 96-well plates with flat, clear bottoms. For 

conditions with Nt17 peptides, 20 µM of each peptide was added, resulting in an 

Nt17Q35P10:peptide ratio of 1:4. Assays were performed using a SpectraMax M2 microplate 

reader where ThT fluorescence was measured at 37 °C using excitation and emission 
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wavelengths of 440 nm and 480 nm respectively. Emission data was collected every 10 min over 

18 h. A blank sample containing no peptide was used to collect background fluorescence and 

correct for background. Samples were run in triplicate and averaged. 

3.3.5 Polydiacetylene (PDA) Lipid Binding Assays 

Htt-exon1 interactions with lipids were measured using a PDA lipid binding assay using 

previously reported protocol.53 Briefly, diacetylene monomers of 10,12-tricosadiynoic acid and 

the lipid system of choice were mixed at a 2:3 molar ratio in 4:1 chloroform/ethanol solution. 

The solution was evaporated off to yield dry lipid films that were reconstituted in 70 °C tris 

buffer. Lipid solutions were sonicated (amplitude 50) for 10 min using a dismembrator 

(FisherSci) and stored overnight at 4 °C to allow for self-assembly of vesicles. For experiments, 

lipid mixtures were irradiated at 254 nm for 10 min with constant stirring to polymerize the 

10,12-tricosadiynoic acid, resulting in a dark blue solution which undergoes a colorimetric shift 

to red with increased fluorescence when exposed to mechanical stress. Experimental conditions 

were performed in triplicate in black Costar 96-well plates with flat, clear bottoms. Assays were 

performed using a SpectraMax M2 microplate reader where fluorescence was measured at 25 oC 

every 10 min over 18 h using excitation and emission wavelengths of 489 nm and 570 nm 

respectively. The positive control included saturated NaOH (pH 12) while the negative control 

consisted of PDA/lipid vesicles and tris buffer. Mutant Nt17 peptides were incubated with htt-

exon1 in a 1:1 ratio for 3 h to obtain peptide-containing oligomers. Polymerized vesicles were 

exposed to htt-exon1(46Q) oligomers at a final concentration of 10 µM. Samples were run in 

triplicate and averaged. 
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3.3.6 Atomic Force Microscopy (AFM) 

Purified htt-exon1(46Q) (10 µM) was incubated with Nt17 peptides in a 1:1 

protein:peptide ratio in the absence of lipids at 37 °C and 1,400 rpm using an orbital mixer. At 

selected timepoints, a 2 µL aliquot of each condition was deposited onto freshly cleaved mica 

and allowed to sit for 1 min. Mica was then washed with 200 µL of ultra-pure water and dried 

with a gentle stream of air. All images were collected with a Nanoscope V Multi-Mode scanning 

probe microscope (Veeco, Santa Barbara, CA) equipped with a closed loop vertical engage J-

scanner. Silicon-oxide cantilevers with 300 kHz resonance frequency and 40 N/m nominal spring 

constant were used. Scan rates were set between 1 and 2 Hz with cantilever drive frequencies at 

10% of resonance. The Matlab image processing toolbox (MathWorks) was used to analyze 

images as previously described.54 

3.3.7 Pulled-Tip Capillary Emitter and Capillary Vibrating Sharp-Edge Spray Ionization 

(cVSSI) Device Fabrication 

Descriptions of cVSSI devices have been provided previously.55,56 Briefly, epoxy glue 

was used to secure a piezoelectric transducer to the end of a glass slide coverslip. A glass 

capillary emitter (0.5 mm I.D.) was pulled (Sutter Instrument Company, Novato, CA) and cut 

mechanically to the desired I.D. (70-100 µm) verified under a microscope. The emitter tip was 

secured to the glass slide coverslip opposite the piezoelectric transducer with glass glue. Using 

epoxy glue, a fused silica capillary section (250 µm I.D., 355 µm O.D.) was inserted into the 

glass emitter and secured at the flat end. PTFE tubing was attached to the fused silica capillary at 

one end and secured to a syringe at the other to allow for sample infusion. A 5 cm platinum wire 

inserted into the end of the PTFE tubing nearest to the cVSSI device and secured with epoxy 

glue served as an electrode for field-enabled experiments.  
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3.3.8 Capillary Vibrating Sharp-Edge Electrospray Ionization Mass Spectrometry (cVSSI-

MS) 

Mutant Nt17 peptides (10 µM) were incubated with PC/PS (75/25% w/w) lipid vesicles 

in a 1:10 ratio (peptide:lipid) at 37 oC for 5 h. Lipid vesicles were formed by rehydrating lipid 

films in 10 mM ammonium acetate, which were then subjected to 10 freeze-thaw cycles using 

liquid nitrogen followed by bath sonication for 1 h. Samples were analyzed using cVSSI devices 

and a Q-Exactive hybrid quadrupole Orbitrap (Thermo Fisher, San Jose, CA) mass spectrometer. 

Spectra were collected in positive ion mode over a mass-to-charge (m/z) range of 300 to 4,000. 

Samples were infused at a rate of 10 µL/min with 1.8 kV applied to the Pt wire. The resolving 

power and AGC target were set to 70,000 and 1x106, respectively. The inlet capillary 

temperature was maintained at 250 °C. Mass spectra were recorded in triplicate for 30 s each. 

Between spectra collections the voltage supply to the cVSSI device was turned off and sample 

was allowed to flow without voltage. Turning off the voltage between collections took into 

account any variability across triplicate spectra, represented as the standard error of the mean 

(SEM), that may result from changing devices or variations in plume generation and droplet 

sizes. Data were analyzed using the Xcalibur 2.2 software suite (Thermo Scientific).  

3.4 Results and Discussion 

3.4.1 Incorporation of Modified Nt17 Peptides Inhibits Fibril Formation and Alters 

Oligomer Morphologies. To determine how the addition of free Nt17 peptides with various 

modifications impacts fibril formation, Nt17Q35P10 peptide (5 µM) was incubated with Nt17 

peptides in a 1:4 Nt17Q35P10:Nt17 peptide molar ratio. Fibril formation was monitored as a 

function of time using ThT, which exhibits enhanced fluorescence when bound to fibril-

associated b-sheet structure (Figure 3.1). Nt17Q35P10 aggregation in the absence of Nt17 peptides 
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was measured for comparison. The ThT signal for each condition was averaged across triplicate 

runs.  

 

Figure 3.1. ThT aggregation assay data for htt-exon1 mimic peptide Nt17Q35P10 incubated 
alone or with each Nt17 peptide. Nt17Q35P10 concentration was approximately 5 µM, and 
incubations with peptide were approximately a 1:4 Nt17Q35P10:peptide ratio. Conditions were 
calculated and averaged across all runs, then normalized to the Nt17Q35P10 control. Error bars 
represent SEM. Using a Student’s t-test, ** represents a p-value of <0.01 relative to the 
Nt17Q35P10 control. 
  

As Nt17 peptides are known inhibitors of htt aggregation,21,50 the impact of incubating 

Nt17Q35P10 with Nt17 peptides was dependent on the specific Nt17 peptide used, though all 

peptides significantly reduced fibril formation (p<0.01) relative to the Nt17Q35P10 control. Wild-

type Nt17 peptide, with no mutations, was the most efficient at inhibiting fibril formation. Wild-

type Nt17 peptides completely inhibited fibril formation with a 92.2% reduction in signal relative 

to the Nt17Q35P10 control. Nt17 peptides containing mutations mimicking acetylation (K6Q, 
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K9Q, or K15Q), which effectively remove a positive charge from within Nt17, were also 

efficient at inhibiting fibril formation, but less efficient than wild-type Nt17 peptide. Nt17 

peptides with K6Q, K9Q, and K15Q reduced fluorescent signal relative to the Nt17Q35P10 

control by 79.9%, 74.3%, and 74.3% respectively. Nt17 peptides containing mutations 

mimicking phosphorylation (T3D, S13D, or S16D), which add a negative charge to Nt17, were 

the least efficient at inhibiting fibril formation. Relative to the Nt17Q35P10 control, Nt17 peptides 

containing T3D, S13D, or S16D resulted in a 46.4%, 25.0%, and 29.3% reduction in signal 

respectively.  

 To further investigate the effect of Nt17 peptide incorporation on htt aggregation, the 

morphologies of pure htt-exon1(46Q) oligomers and Nt17 peptide-containing oligomers were 

evaluated using AFM (Figures 3.2 and 3.3). Considering that incorporation of the Nt17 peptides 

is likely targeting oligomers, the analysis focused on these structures. Freshly prepared htt-

exon1(46Q) (10 µM) was incubated in the presence and absence of Nt17 peptides in a 1:1 

protein:peptide molar ratio, and oligomers were observed over all incubation conditions after 3 h. 

Morphologies were evaluated using automated Matlab scripts that determined morphological 

features of each individually identified oligomer. Within a collected image, an oligomer was 

defined as any feature that contained less than 50 pixels.  
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Figure 3.2. Representative AFM images for all peptide conditions. 10 µM htt-exon1(46Q) 
incubated alone or with each Nt17 peptide for 3 h. The protein:peptide ratio was 1:1. The 
colormap and scale bar are applicable to all images. 
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Figure 3.3. AFM analysis of observed htt-exon1(46Q) oligomeric aggregates in the absence 
and presence of each Nt17 peptide. (a) Histograms of oligomer heights, diameters, and 
volumes for each condition. (b) Correlation plots of diameters and heights of each oligomer at 3 
h for htt-exon1(46Q) versus htt-exon1(46Q) with each Nt17 peptide. 

 

Oligomer morphology was evaluated by comparing diameters, heights, and volumes of 

Nt17 peptide-containing oligomers to the pure htt-exon1(46Q) oligomers at 3 h. Overall, peptide-

containing oligomers shifted to smaller heights, slightly larger diameters, and smaller volumes 

(Figure 3.2a). The pure htt-exon1(46Q) oligomers had a mode height of approximately 5 nm, 

diameter of 50 nm, and volume of 3.0 x 103 nm3 while peptide-containing oligomers ranged from 

2-4 nm in height, 50-60 nm in diameter, and 2.0 x 103 nm3 to 3.0 x 103 nm3 in volume. Based on 

volume measurements, peptide-containing oligomers were smaller. In addition, peptide-
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containing oligomers were typically shorter (height) but were more spread out (diameters). This 

suggests that the peptide-containing oligomers were more easily compressed, e.g. less rigid, in 

comparison to pure htt-exon1(46Q) oligomers. The smaller overall size and reduced aggregate 

rigidity is most likely due to the reduction in polyQ and proline-rich domains contained in full-

length htt-exon1, as peptide containing oligomers flatten out onto the mica surface. Looking 

more closely at oligomer diameter versus height of peptide-containing oligomers compared to 

pure htt-exon1(46Q) oligomers at 3 h, trends suggesting different peptide incorporation 

efficiencies emerge (Figure 3.2b). The most pronounced shift occurred with wild-type Nt17 

peptide-containing oligomers, as the peptide-containing oligomers show virtually no overlap 

with the pure htt-exon1(46Q) containing oligomers. An intermediate shift occurred with 

oligomers containing Nt17 peptides with mutations mimicking acetylation (K6Q, K9Q, and 

K15Q), where slightly more overlap with the pure htt-exon1(46Q) oligomers overall. The 

smallest shifts occurred with oligomers containing Nt17 peptides with mutations mimicking 

phosphorylation (T3D, S13D, and S16D), where overall there was the most overlap with the pure 

htt-exon1(46Q) oligomers. The peptide-containing oligomers that have less overlap with the pure 

htt-exon1(46Q) oligomers indicate the peptide has been more efficiently incorporated, and these 

trends match well with those observed in the ThT aggregation assay. For example, of the three 

phosphorylation mimicking peptides, T3D displayed the least amount of overlap, and it was the 

most effective in reducing fibril formation of these three peptides. 

With respect to htt, Nt17 domains associate to form the a-helix rich core structure of 

oligomers,18,17 bringing polyQ domains into close proximity to promote nucleation.13,19–21  Nt17 

peptides inhibit htt fibril formation by incorporating into the α-helix rich oligomer intermediates, 

increasing the spacing between polyQ domains.21 This enhanced spacing reduces the efficiency 
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of nucleation. The relative efficiency of the mutant Nt17 peptides to inhibit fibril formation 

suggests altered ability to incorporate into oligomers. That is, wild type Nt17 peptides readily 

incorporate into oligomers. Acetylation mimicking mutations reduce the ability to incorporate 

into oligomers, and Nt17 peptides with phosphorylation mimicking mutations are the least 

efficiently incorporated into oligomers. Phosphorylation12,44,57 and acetylation11 within Nt17 of 

intact htt-exon1 proteins reduce fibril formation, with phosphorylation having a larger inhibitory 

effect. This suggests that these post-translational modifications reduce aggregation in full-length 

htt-exon1 by destabilizing oligomer intermediates and reducing the efficiency of nucleation. 

The notion that the effectiveness of Nt17 peptides to impeded fibril formation 

corresponding to their relative incorporation into oligomer intermediates is further supported by 

altered oligomer morphologies observed by AFM. Reduction of the polyQ and proline-rich 

domains reduce the protein mass incorporated into oligomers, resulting in small, less rigid 

oligomers. The largest shift in morphology is observed with free wild-type Nt17, with more 

efficient incorporation causing a larger reduction in polyQ density that shifts toward smaller 

oligomers. The peptides mimicking acetylation have an intermediate incorporation and the 

phosphorylation mimics are least efficiently incorporated; all peptides generally shift to smaller 

oligomer sizes, but relative to wild-type the shift is less pronounced for acetylation mimics and 

least pronounced for phosphorylation mimics. Once incorporated, mutations within Nt17 likely 

impact oligomer stability and the ability of oligomers to undergo nucleation. The incorporation 

of free Nt17 peptide reduces the polyQ domain density in oligomers, decreasing the local 

concentration to prevent nucleation and inhibit subsequent fibril formation. With more efficient 

peptide incorporation, nucleation is more effectively inhibited. 
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3.4.2 Modifications Within Nt17 Alters Complex Formation Between Peptide and Lipids.  

Nt17 facilitates htt-exon1(46Q) interactions with lipid and can modify aggregation on 

membranes.10 Nt17 peptide has a similar interaction mechanism with membranes as htt-

exon1(46Q),31 and the mechanism is not significantly altered by the addition of glutamines.58 

Therefore, synthetic Nt17 peptide with and without modifications was used to investigate 

complex formation and determine the degree of membrane interaction between Nt17 and lipids 

using cVSSI-MS. Each Nt17 peptide (10 µM) was incubated with POPC/POPS (75/25% w/w) in 

a 1:10 peptide:lipid molar ratio for 5 h prior to analysis with cVSSI-MS. Experiments were 

performed in triplicate using positive ion mode. Identified isotopic distributions of each complex 

were deconvoluted using automated Matlab scripts that determine the individual contributions of 

each possible configuration of a complex by using theoretical spectra to generate the best fit of 

the raw data over 1.0 x 106 simulations. The root mean squared deviation (RMSD) between the 

simulated best fit and the raw data was calculated. For each identified complex, the integrated 

peak area was calculated by integrating the ion signal for each isotopic distribution of the given 

complex. Complexes are represented in [M+L] format, where M represents Nt17 peptide and L 

represents lipid, and the integrated peak areas for each complex were normalized to that of the 

singly-charged POPC lipid monomer ([L+H]+ at m/z 760.59), to correct for plume generation and 

performance since it was the most abundant peak present across all sample conditions, then 

represented as a percentage of all peptide-containing ions.  

 Peptide/lipid complexation was observed to some degree with all peptides studied. 

Overall, wild-type Nt17 yielded a greater variety of peptide/lipid complexes that were generally 

more abundant relative to those of the K6Q, K9Q, and K15Q acetylation mimics and the T3D, 

S13D, and S16D phosphorylation mimics (Figure 3.4a). Overall, all peptide complexes followed 
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the same observed trend as wild-type peptide with relative complex abundances of 

M>2M>3M>4M and increased lipid content further reduced complex abundance such that 

L>2L>3L. However, the exact lipid contributions for complexes formed by different peptides 

were more variable. Incubation of wild-type Nt17 peptide with PC/PS lipid yielded eight unique 

complexes, the most out of all peptides studied, containing upwards of 4M and 3L (Figure 3.4b, 

Table 3.1). After incubation of the K6Q mutant three complexes were identified that contained 

up to 2M and 2L (Figure 3.4c, Table 3.2). The K9Q mutant yielded four complexes after 

incubation that contained up to 3M and 2L (Figure 3.4d, Table 3.3). Incubation of the K15Q 

mutant yielded two complexes that contained M and up to 2L (Figure 3.4e, Table 3.4). After the 

incubation of the T3D mutant, four complexes were identified that contained up to 4M and L 

(Figure 3.5f, Table 3.5). The S13D mutant yielded five complexes after incubation that contained 

up to 3M and 2L (Figure 3.4g, Table 3.6). Incubation of the S16D mutant yielded seven 

complexes that contained up to 4M and 2L (Figure 3.4h, Table 3.7).  
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Figure 3.4. Analysis of Nt17/lipid complexation in the presence of POPC/POPS (75/25% 
w/w) vesicles using cVSSI-MS. Peptide is denoted as M and lipid as L. The Nt17 peptide 
concentration was 10 µM and the peptide:lipid ratio was 1:10. (a) The total percent relative peak 
areas for 1M, 2M, 3M, and 4M complexes identified for each peptide after 5 h incubation with 
lipid. (b-h) The percent relative peak areas for each identified complex of a given peptide with 
specified lipid iteration contributions. X indicates that the corresponding complex was not 
identified for the given condition.  
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Table 3.1. Identified ions of wild-type Nt17 peptide incubated with POPC/POPS lipid vesicles 
with their respective possible iterations, contribution of each iteration, RMSD from iteration 
determinations, percent relative peak areas, and SEM from triplicate spectra.  
 

Iona Iterations Avg. Iteration 
Contribution 

Avg. 
RMSD 

Avg. % Relative 
Peak Area SEM 

1M+1L 1M+1PC 0.670 0.0758 5.796 0.578 
1M+1PS 0.331 2.846 0.215 

1M+2L 
1M+2PC 0.514 

0.0169 
0.935 0.169 

1M+2PS 0.127 0.230 0.038 
1M+1PC+1PS 0.358 0.646 0.103 

2M+1L 2M+1PC 
2M+1PS 

0.357 
0.643 0.0786 1.042 

1.871 
0.139 
0.215 

2M+2L 
2M+2PC 0.249 

0.0465 
0.196 0.050 

2M+2PS 0.398 0.301 0.046 
2M+1PC+1PS 0.353 0.267 0.048 

2M+3L 

2M+3PC 
2M+3PS 

2M+2PC+1PS 
2M+1PC+2PS 

0.042 
0.022 
0.526 
0.210 

0.0739 

0.009 
0.005 
0.086 
0.080 

0.005 
0.005 
0.013 
0.029 

3M+1L 3M+1PC 
3M+1PS 

0.328 
0.672 0.0573 0.377 

0.759 
0.077 
0.121 

3M+2L 
3M+2PC 
3M+2PS 

3M+1PC+1PS 

0.136 
0.284 
0.581 

0.0545 
0.076 
0.150 
0.244 

0.040 
0.063 
0.021 

4M+1L 4M+1PC 
4M+1PS 

0.010 
0.990 0.1178 0.001 

0.125 
0.001 
0.021 

a The following monoisotopic masses were used to assign peaks: 1973.03 for Nt17 peptide, 
759.58 for POPC lipid, and 760.51 for POPS lipid. 
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Table 3.2. Identified ions of K6Q mutant Nt17 peptide incubated with POPC/POPS lipid 
vesicles with their respective possible iterations, contribution of each iteration, RMSD from 
iteration determinations, percent relative peak areas, and SEM from triplicate spectra.  
 

Iona Iterations Avg. Iteration 
Contribution 

Avg. 
RMSD 

Avg. % Relative 
Peak Area SEM 

1M+1L 1M+1PC 0.455 0.1321 3.490 0.106 
1M+1PS 0.545 4.214 0.381 

1M+2L 
1M+2PC 0.235 

0.0515 
0.208 0.015 

1M+2PS 0.297 0.272 0.069 
1M+1PC+1PS 0.468 0.413 0.004 

2M+1L 2M+1PC 
2M+1PS 

0.085 
0.915 0.0904 0.054 

0.592 
0.026 
0.135 

a The following monoisotopic masses were used to assign peaks: 1973.00 for K6Q mutant Nt17 
peptide, 759.58 for POPC lipid, and 760.51 for POPS lipid. 
 
 
 
Table 3.3. Identified ions of K9Q mutant Nt17 peptide incubated with POPC/POPS lipid 
vesicles with their respective possible iterations, contribution of each iteration, RMSD from 
iteration determinations, percent relative peak areas, and SEM from triplicate spectra.  
 

Iona Iterations Avg. Iteration 
Contribution 

Avg. 
RMSD 

Avg. % Relative 
Peak Area SEM 

1M+1L 1M+1PC 0.449 0.1333 2.883 0.387 
1M+1PS 0.551 3.606 0.642 

1M+2L 
1M+2PC 0.223 

0.0589 
0.170 0.071 

1M+2PS 0.258 0.242 0.119 
1M+1PC+1PS 0.519 0.285 0.074 

2M+1L 2M+1PC 
2M+1PS 

0.282 
0.718 0.0742 0.689 

1.764 
0.100 
0.251 

3M+1L 3M+1PC 
3M+1PS 

0.197 
0.803 0.0757 0.076 

0.326 
0.022 
0.046 

a The following monoisotopic masses were used to assign peaks: 1973.00 for K9Q mutant Nt17 
peptide, 759.58 for POPC lipid, and 760.51 for POPS lipid. 
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Table 3.4. Identified ions of K15Q mutant Nt17 peptide incubated with POPC/POPS lipid 
vesicles with their respective possible iterations, contribution of each iteration, RMSD from 
iteration determinations, average percent relative peak areas, and SEM from triplicate spectra.  
 

Iona Iterations Avg. Iteration 
Contribution 

Avg. 
RMSD 

Avg. % Relative 
Peak Area SEM 

1M+1L 1M+1PC 0.594 0.1000 3.450 1.809 
1M+1PS 0.406 2.311 1.156 

1M+2L 
1M+2PC 0.412 

0.1598 
0.317 0.174 

1M+2PS 0.073 0.038 0.038 
1M+1PC+1PS 0.515 0.442 0.301 

a The following monoisotopic masses were used to assign peaks: 1973.00 for K15Q mutant Nt17 
peptide, 759.58 for POPC lipid, and 760.51 for POPS lipid. 
 
 
 
Table 3.5. Identified ions of T3D mutant Nt17 peptide incubated with POPC/POPS lipid vesicles 
with their respective possible iterations, contribution of each iteration, RMSD from iteration 
determinations, average percent relative peak areas, and SEM from triplicate spectra.  
 

Iona Iterations Avg. Iteration 
Contribution 

Avg. 
RMSD 

Avg. % Relative 
Peak Area SEM 

1M+1L 1M+1PC 0.639 0.0821 0.466 0.147 
1M+1PS 0.361 0.266 0.084 

2M+1L 2M+1PC 
2M+1PS 

0.365 
0.635 0.0688 0.247 

0.422 
0.076 
0.122 

3M+1L 3M+1PC 
3M+1PS 

0.341 
0.659 0.0581 0.155 

0.287 
0.051 
0.077 

4M+1L 4M+1PC 
4M+1PS 

0.185 
0.815 0.0843 0.035 

0.143 
0.018 
0.038 

a The following monoisotopic masses were used to assign peaks: 1987.02 for T3D mutant Nt17 
peptide, 759.58 for POPC lipid, and 760.51 for POPS lipid. 
 
 
 
 
 
 
 
 
 
 
 



   87 

Table 3.6. Identified ions of S13D mutant Nt17 peptide incubated with POPC/POPS lipid 
vesicles with their respective possible iterations, contribution of each iteration, RMSD from 
iteration determinations, average percent relative peak areas, and SEM from triplicate spectra.  
 

Iona Iterations Avg. Iteration 
Contribution 

Avg. 
RMSD 

Avg. % Relative 
Peak Area SEM 

1M+1L 1M+1PC 0.425 0.1276 2.748 0.355 
1M+1PS 0.575 3.955 1.118 

1M+2L 
1M+2PC 0.152 

0.0495 
0.117 0.082 

1M+2PS 0.294 0.221 0.145 
1M+1PC+1PS 0.554 0.343 0.174 

2M+1L 2M+1PC 
2M+1PS 

0.300 
0.700 0.0871 0.765 

1.852 
0.002 
0.322 

2M+2L 
2M+2PC 0.044 

0.0569 
0.009 0.006 

2M+2PS 0.273 0.116 0.081 
2M+1PC+1PS 0.683 0.203 0.072 

3M+1L 3M+1PC 
3M+1PS 

0.242 
0.758 0.0372 0.154 

0.499 
0.012 
0.074 

a The following monoisotopic masses were used to assign peaks: 2001.03 for S13D mutant Nt17 
peptide, 759.58 for POPC lipid, and 760.51 for POPS lipid. 
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Table 3.7. Identified ions of S16D mutant Nt17 peptide incubated with POPC/POPS lipid 
vesicles with their respective possible iterations, contribution of each iteration, RMSD from 
iteration determinations, average percent relative peak areas, and SEM from triplicate spectra.  
 

Iona Iterations Avg. Iteration 
Contribution 

Avg. 
RMSD 

Avg. % Relative 
Peak Area SEM 

1M+1L 1M+1PC 0.585 0.1198 2.413 0.232 
1M+1PS 0.415 1.710 0.156 

1M+2L 
1M+2PC 0.209 

0.0610 
0.055 0.025 

1M+2PS 0.158 0.043 0.019 
1M+1PC+1PS 0.633 0.146 0.037 

2M+1L 2M+1PC 
2M+1PS 

0.380 
0.620 0.0815 1.097 

1.783 
0.134 
0.203 

2M+2L 
2M+2PC 0.074 

0.0565 
0.023 0.019 

2M+2PS 0.206 0.060 0.026 
2M+1PC+1PS 0.720 0.167 0.019 

3M+1L 3M+1PC 
3M+1PS 

0.328 
0.672 0.0467 0.476 

0.938 
0.104 
0.101 

3M+2L 
3M+2PC 
3M+2PS 

3M+1PC+1PS 

0.015 
0.201 
0.784 

0.0967 
0.002 
0.044 
0.163 

0.001 
0.016 
0.049 

4M+1L 4M+1PC 
4M+1PS 

0.025 
0.975 0.1226 0.007 

0.226 
0.005 
0.041 

a The following monoisotopic masses were used to assign peaks: 2001.03 for S16D mutant Nt17 
peptide, 759.58 for POPC lipid, and 760.51 for POPS lipid. 
 
 

Considering htt demonstrates a preference for anionic lipids41 and the variation in 

contribution for different complex configurations, further analysis of complex lipid compositions 

was performed where the percentage of POPS per complex was evaluated (Figure 3.5). Analysis 

revealed that higher order complexes that contain more peptides tend to favor the incorporation 

of anionic POPS over zwitterionic POPC. For wild-type Nt17, the average POPS composition of 

the [M+L] complex was 33.05%, [2M+L] was 64.33%, [3M+L] was 67.24%, and [4M+L] was 

99.01% (Figure 3.5a). The average POPS composition for the K6Q mutant complexes [M+L] 

and [2M+L] were 54.5% and 91.52% respectively (Figure 3.5b). For the K9Q mutant, average 

POPS composition for [M+L] was 55.14%, [2M+L] was 71.77%, and [3M+L] was 80.26% 
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(Figure 3.5c). The average POPS composition for the K15Q mutant complexes [M+L] and 

[M+2L] were 29.44% and 19.22% respectively (Figure 3.5d). For the T3D mutant the average 

POPS composition was 36.13% for [M+L], 63.46% for [2M+L], 65.94% for [3M+L], and 

81.50% for [4M+L] (Figure 3.5e). The S13D mutant had average POPS compositions of 57.54% 

for [M+L], 69.98% for [2M+L], and 75.75% for [3M+L] (Figure 3.5f). The average POPS 

composition for the S16D mutant complexes [M+L], [2M+L], [3M+L], and [4M+L] were 

41.50%, 61.97%, 67.16%, and 97.48% respectively (Figure 3.5g). Despite the clear trend of 

higher order complexes containing more peptide correlating to increased POPS composition, an 

increase in the number of lipids incorporated into a complex did not produce a clear trend.  
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Figure 3.5. The percent POPS composition for each identified complex of a peptide. X 
indicates that the corresponding complex was not identified for the given condition. Error bars 
represent SEM. 
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For each peptide, the relative peak areas of complexes containing M, 2M, 3M, and 4M 

peptide were calculated and the percentage of those complexes that contained lipid was 

determined (Figure 3.6). For wild-type Nt17 the 4M species only existed as lipid bound (100%), 

while 3M, 2M, and M complexes were 39.9%, 27.8%, and 12.8% lipid bound, respectively 

(Figure 3.6a). For K6Q, only M (8.7%) and 2M (20.7%) complexes contained lipid. 3M 

complexes were observed, and though none were lipid bound, the 3M complexes were of lower 

relative peak area than those of the M and 2M (Figure 3.6b). In the case of K9Q, 8.4% of M, 

19.1% of 2M, and 24.6% of 3M complexes were lipid bound (Figure 3.6c). K15Q only formed 

M complexes, of which 6.6% were lipid bound (Figure 3.6d). T3D 4M complexes were always 

lipid bound (100%) followed by 3M (4.4%), 2M (2.9%), and M (1.1%) complexes (Figure 3.6e). 

For S13D the 2M complexes were more often lipid bound than M complexes, at 16.9% and 9.2% 

respectively, and much like K6Q the 3M complexes only existed without lipid but were of lower 

relative peak area than the M and 2M complexes (Figure 3.6f). For S16D M, 2M, 3M, and 4M 

complexes were observed and 6.6%, 11.8%, 21.4%, and 100% of those complexes, respectively, 

were lipid bound (Figure 3.6g). Generally, as peptides formed multimeric species their 

probability of being lipid bound increased, suggesting that oligomerization enhances lipid 

association. 
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Figure 3.6. The relative percent of the total monomeric (1M), dimeric (2M), trimeric (3M), 
and tetrameric (4M) species that are lipid bound for each peptide. Error bars represent SEM. 
X indicates that species containing that number of peptides were not identified for a given 
peptide. If no X is indicated and no bar is present, all species identified for that number of 
peptides did not contain lipid. 
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Nt17 facilitates lipid interactions via a transition to an amphipathic a-helix,16,22 a 

transition that still occurs even with mutations mimicking acetylation and phosphorylation. 

Previous studies have demonstrated that acetylation does not alter a-helical structure with 

respect to lipid binding11 and the phosphomimic mutations also do not alter secondary peptide 

structure.43,45 The interaction between Nt17 and lipid bilayers is summed up in four general 

steps: approach, reorganization, anchoring, and insertion.58 Generally the approach step is driven 

by charged residues within Nt17; when Nt17 is exposed to a POPE membrane early interactions 

occur between the membrane and S13, K15, or S16.58 Once at the membrane surface, the 

structure and orientation of Nt17 is stabilized by salt bridges formed between the membrane and 

peptide residues K6, K9, and E12 and hydrogen bonding between the membrane and peptide 

involving residues T3 and S13.58 Another important consideration is the role of lipid composition 

in Nt17/lipid interactions, as changes to lipid composition can impact Nt17 approach and overall 

orientation at the membrane surface40 in addition to the degree of insertion.59 For pure POPC 

membranes, Nt17 favors a C-terminal approach where S13, K15, and S16 are close to the 

membrane surface while T3, K6, and K9 broadly sample orientations ranging from parallel to 

antiparallel with the membrane surface.40 POPC/POPS vesicles demonstrate stronger interactions 

with Nt17 compared to pure POPC vesicles, and increasing POPS content increases Nt17 affinity 

for the membrane, demonstrating a major electrostatic contribution to peptide/membrane 

interactions where F11 inserts into the membrane to anchor the peptide.59 With these 

considerations, it is likely that the mutations in this study alter the approach of the peptide and 

stabilizing interactions at the membrane surface including electrostatics, salt-bridge formation, 

and hydrogen bonding.  
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3.4.3 Oligomer/Lipid Interactions are Modified by the Incorporation of Modified Nt17 

Peptides. Considering the ThT assays and AFM experiments indicate that oligomerization and 

subsequent nucleation is altered in addition to Nt17/lipid complexation, and with oligomeric 

species being the most lipid active60 further characterization of oligomeric interactions with 

respect to lipid binding was necessary. To determine the impact incorporating free Nt17 peptides 

into oligomeric structures had on their ability to bind lipids, a colorimetric/fluorescent membrane 

binding assay with lipid/PDA vesicles was used. The lipid systems utilized in these experiments 

were TBLE and POPC/POPS (75/25% w/w). When exposed to proteins, the fluorescence of each 

system directly correlates to the extent of protein/lipid interaction, and the fluorescent signals for 

all conditions were normalized to the htt-exon1(46Q) control and averaged across all runs 

(Figure 3.7).  
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Figure 3.7. PDA/lipid binding assays for htt-exon1(46Q) incubated alone or with each Nt17 
peptide in the presence of different lipid systems. Oligomers were incubated in the presence of 
(a) TBLE or (b) PC/PS. Htt-exon1(46Q) concentration was 10 µM, and the protein:peptide ratio 
was 1:1. All conditions were calculated and averaged across all runs then normalized as a 
percentage to the htt-exon1(46Q) control. Error bars represent SEM. Using a Student’s t-test, * 
represents a p-value of <0.05 and ** represents a p-value of <0.01 relative to the htt-exon1(46Q) 
control. 
 

 The incubation of htt-exon1(46Q) oligomers with free Nt17 peptides generally reduced 

interactions with TBLE relative to oligomers composed purely of htt-exon1(46Q) (Figure 3.7a). 

Oligomers containing free, wild-type Nt17 peptides demonstrated virtually no change in lipid 

interactions. However, oligomers containing peptides mimicking acetylation showed significant 

reductions in lipid binding (p<0.01 for all three peptides). Specifically, the K15Q mutant had the 

greatest impact, with approximately a 40% reduction in signal relative to the htt-exon1(46Q) 
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control. The K6Q and K9Q mutants each demonstrated approximately a 20% reduction in signal 

relative to the htt-exon1(46Q) control. Oligomers containing peptides mimicking 

phosphorylation also showed significant reductions in lipid binding (p<0.01 for T3D and S16D, 

p<0.05 for S13D). Oligomers containing S16D mutant peptides had the largest impact, with 

approximately a 35% reduction in signal. Though less significant statistically, oligomers 

containing S13D peptides demonstrated approximately a 20% reduction in signal. Oligomers 

containing T3D peptides had the lowest impact, with an approximately 10% reduction in signal.  

 In the case of the PC/PS lipid system, generally the impacts of incorporating free Nt17 

peptides were less than those observed with TBLE (Figure 3.7b). Oligomers containing free, 

wild-type Nt17 peptides showed a significant reduction in signal (p<0.01) of approximately 15%. 

For oligomers containing peptides mimicking acetylation, only the K9Q peptide showed a 

significant reduction in signal (p<0.01) by approximately 15%. The K6Q and K15Q peptide-

containing oligomers showed no significant changes in lipid interactions relative to the htt-

exon1(46Q) control. For oligomers containing peptides mimicking phosphorylation, only those 

containing S16D and T3D peptides showed significant reductions in lipid binding (p<0.01 and 

p<0.05 respectively). Oligomers containing S16D peptides showed approximately a 30% 

reduction in signal, while those containing T3D peptides had less of an impact with 

approximately a 10% reduction in signal relative to the htt-exon1(46Q) control.  

It has been demonstrated that certain residues are crucial to stabilizing multimeric 

structures once Nt17 transitions to an a-helical structure. Specifically, the potential electrostatic 

interaction between K15 and E11 can help stabilize the dimer-dimer interface in a tetrameric 

structure.13 The removal of positive charges by carbethoxylation favors monomeric 

conformations of Nt17 as monomeric conformations become more abundant with increasing 
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modification while multimeric species are destabilized and decrease in abundance as detected by 

ion-mobility spectrometry-mass spectrometry (IMS-MS).16 Molecular dynamics studies 

indicated that K6 is likely involved in the stabilization of dimeric species through interactions 

with E12 and S1616 while K9 is implicated in intramolecular salt bridges with E5 and/or E12.11,41 

With both S13 and S16 being solvent exposed, modification to these residues could be involved 

in the packing of tetrameric structures into higher order species necessary for oligomer 

stabilization to facilitate fibril formation.12 Oligomer stability as a function of introducing 

mutations mimicking acetylation and phosphorylation could be another dominant factor in 

altered oligomer/lipid interactions as shown in PDA assays. Generally, there appears to be larger 

consequences for changes made to the C-terminus, as modification of K15 had the largest impact 

among the acetylation mimics while the S16 mutant had the largest impact among 

phosphorylation mutants.  
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4. Future Directions and Concluding Remarks 

 

4.1 Introduction  

In Chapter 2, the effects of cholesterol content on htt aggregation, lipid binding, and 

complexation were explored. Additionally, a variety of lipid systems with different 

physiochemical properties were used to further probe such interactions. These results highlight 

the complexities associated with htt/lipid interactions and more specifically the intricacies of 

these interactions as lipid compositions are varied. The specific impacts of cholesterol on 

aggregation, lipid binding, and complexation in the presence of specific lipid systems are unique, 

and a change in lipid composition while maintaining a constant amount of cholesterol altered the 

three processes explored due to changes in lipid physiochemical properties. Considering the 

complexities of lipid interactions observed in Chapter 2, it was also of interest to explore the 

effects of point-mutations, ultimately resulting in changes to the net charge of the Nt17 domain, 

on the same types of interactions. The addition of free, monomeric Nt17 peptides to monomeric 

htt protein had significant impacts on fibrilization with changes in oligomer morphologies also 

being observed. Interestingly, the impacts of incorporating the free peptides into oligomers had 

less pronounced effects on lipid binding while suggesting that C-terminal modifications 

specifically have a larger impact on lipid interactions. Mutations within Nt17 also altered the 

ability of the peptides to complex with lipids. Collectively, these results indicate changes in 

interactions between htt proteins and htt with lipids, specifically with respect to oligomeric 

species, when mutations are introduced within the Nt17 domain. This further highlights 

complexities surrounding htt interactions. The results from Chapter 2 and Chapter 3 together 

underscore the intricacies associated with the poorly understood toxic mechanism of HD and 
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demonstrate the need to explore general interactions of htt within the cellular environment to 

better understand the overall toxic mechanism and elucidate novel therapeutic approaches. 

A variety of techniques have been employed in an effort to identify the specific toxic 

mechanism of HD, better diagnostic options, and novel therapeutic routes. However, the toxic 

mechanism of HD is poorly understood largely due to the complexities associated with 

pathogenic htt interactions, as highlighted in Chapters 2 and 3. Furthermore, diagnostic and 

disease monitoring approaches are limited, and treatments only exist for the symptoms of HD 

rather than the disease itself. Htt has been demonstrated to have significant interactions with a 

variety of cellular and subcellular components which subsequently cause changes to these 

environments. Identifying changes to protein expression or lipid production as a function of 

pathogenic htt expression could serve to elucidate additional parts of the toxic mechanism, 

identify potential biomarker panels for diagnostics and disease monitoring, and reveal new 

therapeutic targets and/or approaches. Proteomics and lipidomics are already well established 

methods in the study of neurodegenerative diseases, with proteomic and lipidomic methods 

having identified changes in protein and lipid profiles in AD1–5 and PD.4–7 In the case of HD 

specifically, current biomarkers rely on imaging techniques and clinical manifestations with very 

few biomarkers of potential having been identified in samples such as blood, plasma, and CSF.8  

 Preliminary proteomic and lipidomic studies are best served in model organisms prior to 

moving on to studies with human samples. As such, one model organism that would be ideal for 

preliminary studies is Caenorhabditis elegans (C. elegans). This model is experimentally 

advantageous due to their ability to breed in large numbers and their short generation times,9 

which allow for efficient experimental timelines. Furthermore, there is 83% homology with the 

human genome and only 11% of the genome is nematode specific.10 Most human disease genes 
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and pathways are present, and C. elegans models have already been established in the study of 

AD,2,11 PD,9,12,13 and HD.14,15 Modeling neurodegenerative diseases in C. elegans is especially 

advantageous given key biological elements of neurons present in humans are conserved, and 

phenotypes corresponding to disease states are present since non-native human proteins that are 

expressed in transgenic models are functionally active.16 One model expressing htt are C. 

elegans strains EAK102 (htt15Q) and EAK103 (htt128Q) which correspond to nonpathogenic 

and pathogenic strains respectively. This specific model expresses htt in the body wall muscle 

cells of the C. elegans,14 which could make the model especially useful in the search for markers 

of generic cell damage outside of the central nervous system (CNS), which are of particular 

interest as they would allow for disease detection and monitoring using samples such as blood 

and plasma as opposed to samples of CSF that require more invasive processes to acquire. 

4.2 Research in Progress: Proteomics of C. elegans HD Model 

 Htt has been identified to have various functions, one of which is transcriptional 

regulation.17 Transcriptional regulation is crucial for cells to respond to intracellular and 

extracellular signals. When transcription is dysregulated, the amount of mRNA being produced 

is altered which subsequently impacts the expression of corresponding proteins. Transcriptional 

dysregulation has been observed in cases of pathogenic htt expression, with mRNA production 

usually being downregulated though there are instances of upregulation as well.18 Proteomics is a 

method in which proteins within a given sample can be both identified and quantified. Proteomic 

studies utilizing C. elegans have been established, and differences in protein expression due to a 

variety of factors have been observed.2,10,13,19–26 As such, the combination of proteomic methods 

with the previously described C. elegans model of HD would provide the opportunity to look for 

changes in protein expression in the pathogenic strain compared to the nonpathogenic strain. Any 
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proteins identified as having different levels of expression can provide information crucial to 

understanding the toxic mechanisms of HD while also identifying potential biomarkers that 

could be used for diagnostics and disease monitoring.  

To identify changes in protein expression in pathogenic versus nonpathogenic strains of 

C. elegans expressing htt, synchronized populations of C. elegans need to be established, a 

method commonly used in various -omics studies.21,25–27 The process of synchronization allows 

for the collection of large populations of worms, while also ensuring that all worms intended for 

use under specific sample conditions are at the same stage of life which is crucial for time-

dependent studies. Synchronized populations can be obtained by collecting eggs from worms 

grown on nematode growth media (NGM) plates, then transferring all collected eggs to fresh 

NGM plates for growth.  

Once synchronized populations are obtained, survival assays and thrashing rate assays are 

necessary to validate the model by evaluating lifespan and behavioral dysfunction respectively. 

For the survival assay, synchronized populations of C. elegans need to be incubated on NGM 

plates that contain 5-fluorodeoxyuridine (FUDR) to prevent self-fertilization and the production 

of progeny. Over the course of 30 consecutive days, the locomotion of the worms will be scored, 

with worms that show no movement being scored as deceased. Over the 30 consecutive days, the 

fraction of living versus deceased worms can be calculated and plotted to generate survival 

curves. For the thrashing rate assay, the total number of thrashes, defined as each time a worm 

changes its aspect ratio, can be counted over 30 seconds. Changes to the thrashing rate can be 

determined by repeating the process over the course of days. The survival curves and thrashing 

rate assays can then be used to determine ideal experimental timepoints for proteomic sample 
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collection. One target population would be early in the lifespan, before any deviation in the 

fraction of worms alive between pathogenic and nonpathogenic strains, and before significant 

deviations in behavioral dysfunction between strains. The second target population would be 

later in the lifespan, once the fraction of worms alive starts to deviate between the pathogenic 

and nonpathogenic strains, and after behavioral dysfunction has progressed in the pathogenic 

strain. Worms from these timepoints, collected for each strain, allow for direct, age-matched 

comparisons between the pathogenic and nonpathogenic strains, while also allowing for the 

evaluation of impacts over time within an individual strain for a more complete picture of 

fluctuations in protein abundances across strains and as a function of time/disease progression.  

Large populations of worms, from at least two different batches of growth, for each 

timepoint and strain must be collected to average out any random fluctuations in protein 

production across populations. Populations can be collected by washing cultured worms, treated 

with FUDR to keep all worms the same age by preventing progeny production, off the NGM 

plates with buffer, followed by thorough washes with deionized water (dH2O) to remove any 

residual bacteria. The wash can be removed after pelleting the worms via centrifugation, after 

which the worm populations can be snap frozen using liquid nitrogen (LN2) and stored at -80 oC 

until needed. To prepare for proteomic analysis, the proteins must be extracted and digested. 

Proteins can be extracted via sonication in extraction buffer, then separated from worm debris by 

centrifugation. Bulk protein concentration can be determined via Bradford assay, after which the 

protein solution can be reduced and alkylated prior to being enzymatically digested. The protein 

digest can then be analyzed using reversed-phase liquid chromatography (RPLC-MS), where 

utilization of tandem mass spectrometry (MS/MS) mode can further facilitate peptide and overall 

protein identification. Identified proteins can then be compared across samples, and the 
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calculation of the exponentially modified protein abundance index (emPAI) can provide an 

estimation of the absolute amount of each identified protein within the samples for a quantitative 

comparison.28,29  

 

Figure 4.1. A generic proteomics experimental workflow.30 From synchronized populations of 
C. elegans worms in the L4 stage are collected for samples. The worms are homogenized in 
buffer and the proteins extracted in bulk solution. Proteins are then denatured, reduced, and 
alkylated prior to being digested. The protein digest can then be analyzed using LC-MS where 
peptides are separated using a C18 column, then ionized and identified using the MS/MS mode. 

 

A preliminary proteomic method was successfully established utilizing C. elegans strains 

EAK102 (htt15Q) and EAK103 (htt128Q) obtained from the Caenorhabditis Genetics Center 

(Figure 4.1). The worms were grown as described previously, then age synchronized populations 

were obtained using established methods.31 Survival assays and thrashing rate assays suggested 

that the ideal timepoints for these studies would be day 2 and day 7. At the appropriate times, at 

least 4,000 worms from each strain were collected over at least two different batches of growth. 

Once the populations were obtained, they were washed, suspended in dH2O, and stored at -80 oC 
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until needed. To prepare the populations for proteomic analysis, the samples were thawed and all 

batches for corresponding strains/timepoints were combined. Excess water was removed, and 

samples were resuspended in 100 mM ammonium bicarbonate buffer containing 6 M urea (pH 

7.8) and ethylenediaminetetraacetic acid (EDTA) free protease inhibitor was added. Once 

suspended, samples were probe sonicated for three cycles of 10-15 sec and were stored on ice 

between cycles. This released proteins into bulk solution where they were denatured by the high 

urea concentration. A high-speed centrifugation pelleted out any worm debris, and the protein-

containing supernatant was removed for use. A Bradford assay using bovine serum albumin 

(BSA) standards was performed to obtain a calibration curve, which was then used to determine 

the bulk protein concentration of each sample (the estimated average molecular weight of 

proteins was 50,000 g/mol). 500 µg of protein for each sample was then transferred to a fresh 

microcentrifuge tube. The protein samples were then reduced using dithiothreitol (DTT) in a 

40:1 molar ratio of DTT:protein, alkylated using iodoacetamide (IA) in an 80:1 molar ratio of 

IA:protein. The reduction and alkylation steps make the hydrophobic cores of the proteins more 

accessible to trypsin for digestion. These reactions were quenched with L-cysteine in a 40:1 

molar ratio of L-cysteine:protein. Each sample was then diluted such that the final concentration 

of urea in the sample was less than 2 M to allow for proper trypsin function and protein 

digestion. Trypsin was added to each sample in a 1:20 w/w ratio of trypsin:protein and allowed 

to digest for 24 hours.  

 Once the digestion was complete, the samples were analyzed using RPLC-MS with a 

water/formic acid to acetonitrile/formic acid gradient elution. MS/MS mode was also utilized 

during the runs. The first run of the samples indicated the presence of very little peptide loaded 

onto the column. As such, each sample was lyophilized overnight then reconstituted with LC-MS 
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grade water at half of the original volume. The now concentrated samples were run and peptides 

were observed, however there were also highly-charged species present. These highly charged 

species were indicative of partially-digested and undigested proteins, suggesting the digestion 

was not as efficient as desired. Some preliminary proteins were identified, generally with a 

medium confidence level, based on the peptide ion fragmentation patterns observed in MS/MS 

mode and the calculation of preliminary emPAI scores suggest there are observable differences 

in protein expression between age-matched samples of the different strains as well as over time 

within each strain.  

 Overall, a successful proteomic method has been established and preliminary results were 

obtained. Moving forward with this project, some minor adjustments can be made to improve 

sample preparation and subsequently the quality of the results. For the next preparation, starting 

with 1,000 µg of protein will provide a more sufficient concentration of protein, especially when 

factoring in losses due to reaction steps not being 100% efficient, which could improve the 

quality of data obtained from RPLC-MS operated in MS/MS mode. Additionally, increasing the 

ratio of trypsin to 1:10 trypsin:protein and extending the digestion time could improve digestion 

efficiency and yield more peptide/protein assignments and subsequently improve protein 

identification, increase the confidence of assignments, and improve emPAI scores. Additionally, 

the use of nano-electrospray ionization (nESI) will be available in the future, which could further 

improve studies. With nESI, capillaries with an opening 1-10 µm are located very close to the 

MS orifice and are loaded with only 1-5 µL of sample solution which is infused at significantly 

reduced flow rates. Thus nESI would require significantly less sample while increasing the MS 

and MS/MS signals by 2-3 times that of regular electrospray, with detection limits as low as 10-8 
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mol/L.32 These benefits can translate into the efficient identification of hundreds to thousands of 

proteins.  

4.3 Lipidomics: An Approach to Lipid Dysregulation 

 Lipid homeostasis is critical to both cellular structure and function, and as such 

alterations in lipid production can have serious downstream implications. One crucial membrane 

component is cholesterol, which regulates membrane fluidity and permeability while also 

influencing the overall organization of the membrane. In HD, it has been identified that 

cholesterol homeostasis is dysregulated.33–37 Beyond just HD, lipid homeostasis is also disrupted 

in AD38,39 and PD,40 demonstrating a common theme among neurodegenerative diseases. 

Lipidomics methods have been used to monitor the lipidome and identify differences in lipid 

production in a variety of C. elegans studies.26,27,41 Using lipidomic methods in conjunction with 

a C. elegans model for HD can identify differences in lipid production resulting from pathogenic 

htt expression when compared to a non-pathogenic control. Understanding which aspects of lipid 

homeostasis are altered can provide insight into potentially toxic mechanisms in addition to 

serving as potential biomarkers that can be used for disease monitoring. 

 Generic lipidomic workups start with sample processing, with the most crucial step being 

the sample collection itself. Biological samples must be immediately processed or flash frozen, 

with short storage times, as this is necessary to prevent enzymatic and chemical processes that 

can ultimately metabolize lipids present. For example, in plasma samples left at room 

temperature there is an artificial increase in lysophosphatidylcholine (LPC)42 and 

lysophosphatidic acid (LPA)43 components. After collection it is crucial that the sample is 

homogenized in cases where lipids must be extracted from cells/tissues, which would be required 

in the case of processing C. elegans populations. Homogenization ensures all aspects of the 
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cells/tissues are accessible to the chosen extraction solvents to obtain the most accurate lipid 

profiles. After homogenization, the next step is the extraction of the lipids. The extraction step(s) 

reduce sample complexity by removing any non-lipid components and enriching lipids to 

improve signal during analysis. A common form of extraction in lipidomic sample processing is 

liquid-liquid extraction, for which multiple established protocols exist.44–46 Single step 

extractions are faster and more robust than multi-phase extractions, but they often have more 

non-lipid components present after extraction. Another extraction technique is solid-phase 

extraction (SPE), which can yield highly enriched samples that have very few contaminants. 

SPE, however, can be very labor intensive and the extraction process becomes increasingly more 

complex when larger numbers of lipid classes must be analyzed or large numbers of sample 

cohorts are required for biomarker discovery efforts. Once processed, the most common 

chromatographic separation method in lipidomics is RPLC, which can separate lipids based on 

their nonpolar fatty acyl chains. Coupling of RPLC with MS can allow for targeted and non-

targeted approaches depending on the scope of the study. Targeted approaches can utilize 

selected reaction monitoring (SRM) or multiple reaction monitoring (MRM) modes where user 

selected precursor ions are selected for fragmentation in the mass spectrometer. Non-targeted 

approaches can utilize data dependent acquisition mode (DDA), where more abundant precursors 

are selected for fragmentation, or data independent acquisition (DIA) mode, where all precursors 

are selected for fragmentation and precursor and fragment ions are linked via chromatographic 

profiles. These methods provide different levels of coverage and assignments to fit the desired 

scope of the study. 
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Figure 4.2. A generic lipidomics experimental workflow.30 Synchronized populations of C. 
elegans worms in the L4 stage are collected for samples. The worms are homogenized in solvent 
and the lipids extracted. Lipids can then be fractionated to allow for easier analysis. The lipid 
fractions can then be analyzed using LC-MS where lipids are separated using a column, then 
ionized and identified using MS/MS methods. 
 
 
 

A preliminary, and thus more robust, lipidomic method can be utilized to establish a basis 

for more specific and intensive lipidomic analysis once lipids or lipid classes of interest are 

identified (Figure 4.2). First, synchronized worm populations of the EAK102 (htt15Q) and 

EAK103 (htt128Q) must be established and the timepoints for sample collection determined 

using survival assays and thrashing rate assays as described previously. Once sample populations 

are collected, they must be homogenized for efficient lipid extraction, which can be 

accomplished using mechanical methods, such as mortar and pestle, or by using a probe 

sonicator. Lipids can then be extracted using a single or multi-phase extraction, with a multi-

phase extraction being preferable to limit potential contamination by non-lipid components. This 

process would have to be repeated multiple times to maximize extraction efficiency. The extract 

would be centrifuged to pellet out any worm debris, while saving the supernatant for use. The 
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lipid extract can then be analyzed using RPLC-MS, where operation in MS/MS mode could aid 

in both lipid identification and structural elucidation.  

The preliminary lipidomic method would elucidate specific lipids and classes of interest, 

after which a more specific approach can be employed for better characterization of the different 

components. Better characterization would be more efficient with fractionation of the extract into 

more manageable fractions, which can be accomplished with SPE as it would allow for more 

efficient and specific lipid analysis given there are fewer lipids/lipid classes per sample. While 

LC-MS is well suited to phospholipids, neutral lipids, and sphingolipids, when the lipid extract is 

fractionated gas chromatography-mass spectrometry (GC-MS) becomes another useful method 

for analysis, as it is better suited to identify individual lipid classes. More specifically, GC-MS is 

better for the identification of free fatty acids (FFAs) and steroids which can be made volatile 

through silylation derivatization, while the other higher molecular weight and less volatile or 

non-volatile lipid classes are still better suited to LC-MS.47 Again, much like with the LC-MS 

method, MS/MS mode can be utilized with GC-MS for more efficient identification and 

structural elucidation. 

4.5 Conclusions 

 HD is a fatal neurodegenerative disease caused by an expanded polyQ domain within htt, 

which causes the formation of toxic aggregate species. Though many therapeutic strategies have 

focused on targeting htt aggregation,48–53 a treatment or cure for HD is still elusive. The results 

presented in this dissertation underscore the complexities associated with htt interactions both in 

the presence of and directly with lipid membranes. Overall membrane composition and 

mutations to the Nt17 domain of htt are modulating factors with respect to htt aggregation, 
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aggregate morphology, lipid binding, and htt/lipid complexation which present additional 

considerations with respect to therapeutic approaches to HD.  

 In Chapter 2, the effect of cholesterol content on various pure lipid systems of differing 

physiochemical properties on htt aggregation, aggregate morphologies, lipid binding, and 

htt/lipid complexation were examined. Lipid systems of pure POPC, DOPC, and POPG were 

used, and various levels of exogenous cholesterol were added to each system. ThT assays 

revealed that increased cholesterol content promoted aggregation for the DOPC system, while 

inhibiting aggregation in the POPC and POPG systems. PDA assays showed that an increasing 

cholesterol content resulted in a decrease in htt lipid binding for POPC and increased lipid 

binding for DOPC and POPG. Differences in htt/lipid complexation with each lipid system were 

also observed with increased cholesterol content. Overall, these results highlight the intricacies 

off htt interactions in the presence of lipids and directly with lipids as a function of overall lipid 

composition.  

 In Chapter 3, the impact of charge on early htt interactions was explored. Free Nt17 

peptides, that were wild-type or mimicked acetylation or phosphorylation at specific amino acid 

residues, were used to identify the impacts that putative post-translational modifications had on 

aggregation, aggregate morphologies, lipid binding, and htt/lipid complexation in the presence of 

POPC/POPS and TBLE lipid systems. The addition of all free Nt17 peptides inhibited fibril 

formation as shown in ThT assays, with wild-type being most effective followed by acetylation 

mimics then phosphorylation mimics. The incorporation of free Nt17 peptides into oligomeric 

structures resulted in a shift in aggregate morphology as observed with AFM, with wild-type 

producing the largest deviation followed by acetylation mimics then phosphorylation mimics. 

The ability of the peptides to interact with PC/PS lipids also changed as a function of mutation 
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type/location as observed with cVSSI, but overall mutant peptides interacted with the lipid 

system less than that of wild-type. Despite changes in complexation, all peptides preferentially 

interacted with anionic PS lipid while larger complexes that contained more peptide were more 

often lipid bound.  Peptide-containing oligomers generally interacted less with both PC/PS 

vesicles and TBLE vesicles compared to pure htt-exon1 oligomers as demonstrated by PDA lipid 

binding assays. Collectively, this data suggests complex early interactions starting at the 

monomeric level that then translate into altered interactions at the oligomeric level, and that 

these interactions are influenced by factors including peptide charge and the environment.  

 Overall, the results presented here demonstrate the intricacies of htt interactions, 

especially with respect to those with and/or in the presence of various lipid systems. Together, 

these results underscore the intricacies critical to the toxic mechanism of HD. Further studies 

focusing on more general interactions of htt within the cellular environment and the general 

impacts on cellular processes with respect to the proteome and lipidome can further elucidate 

critical aspects of the toxic mechanism to which the aforementioned intricacies of htt interactions 

play a role. Identification of specific proteins and lipids that are altered as a function of mutant 

htt expression can present novel therapeutic targets and approaches, while also providing the 

opportunity to identify potential biomarkers beneficial to both diagnostics and disease 

monitoring.  
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