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Preface 
This thesis has the objective of describing the biophysical properties of Httex1, namely the formation of 

aggregates or fibrils on the Httex1 containing 37 runs of glutamine (Httex1-37Q) as well as 43 runs of 

glutamine (Httex1-43Q). 
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Abstract 

Huntington’s disease (HD) is an inherited neurodegenerative disorder caused by a CAG repeat expansion 

within the first exon of the huntingtin (HTT) gene. Pathological extensions above a critical threshold of 37 

CAG lead to an expression of a mutant huntingtin (Htt) protein comprising an expanded polyglutamine 

(polyQ) domain. The aberrant splicing and proteolytic cleavage of mutant Htt proteins result in highly toxic 

Htt fragments spanning exon 1 (Httex1), which are sufficient to reproduce most of HD’s pathology. Recent 

studies support that biological membranes promote Httex1 misfolding and aggregation. This project aims 

to establish an approach for studying the amyloid fiber formation of Httex1 and to evaluate the impact of 

anionic lipid membranes. The aggregation of Httex1-37Q and Httex1-43Q variants were here evaluated by 

ThT fluorescence assays. Initially, a strategy for production of tag-free Httex1-37Q was developed using a 

solubilizing SUMO-fusion approach. However, ThT fluorescence assays revealed that tag-free Httex1-37Q 

was already aggregated before starting the assay. Instead, the mutant Httex1-43Q variant was purified as 

a fusion construct and the SUMO-tag was only removed during the ThT assay. Remarkably, tag-cleavage 

is almost instantly avoiding interference on the assay. The fibrillation kinetics of Httex1-43Q show a typical 

sigmoid curve profile and that anionic lipid membranes potentiate its fibrillation, in accordance with current 

literature data. Our approach provides an excellent platform for studying Httex1 amyloid fibril formation in 

solution and in the presence of lipid membranes, allowing to investigate different variants, concentrations, 

and lipid compositions. 
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Resumo 

A Doença de Huntington (HD) é uma doença herdada neurodegenerativa causada pela expansão da 

repetição CAG no primeiro exão do gene da huntingtin (HTT). Expansões patológicas cima de um 

threshold 37 CAG levam à expressão da proteína huntingtin mutante (Htt) contendo um domínio 

poliglutamina (Q) expandido. O splicing aberrante e clivagem proteolítica das proteínas Htt mutantes 

resultam num fragmento altamente tóxico da Htt que engloba o exão 1 (Httex1), que é suficiente para 

reproduzir a HD. Estudos recentes apoiam que membranas biológicas promovem a agregação do Httex1. 

O objetivo deste projeto é estabelecer um protocolo para estudar a formação de fibras amiloides da 

Httex1 e avaliar o impacto de membranas lipídicas aniónicas. A agregação das variantes Httex1-37Q e 

Httex1-43Q foram avaliadas por ensaios de fluorescência com ThT. Inicialmente, a estratégia envolveu a 

produção de tag-free Httex1-37Q usando a SUMO-tag para solubilização. O ensaio de fluorescência com 

ThT revelou que a tag-free Httex1-37Q já estava agregada antes do início do ensaio. Portanto, a variante 

mutante Httex1-43Q foi purificada como proteína de fusão e o SUMO-tag só foi removido durante o 

ensaio ThT. A clivagem do tag é quase instantânea, evitando interferência no ensaio. A cinética de 

fibrilação da Httex1-43Q mostra o perfil de uma curva sigmoide e que as membranas lipídicas aniónicas 

potenciam a fibrilação, de acordo com literatura corrente. O nosso protocolo permite uma plataforma 

excelente para estudar a formação de fibras amiloides Httex1 em solução e na presença de membranas 

lipídicas, permitindo investigar diferentes variantes, concentrações, e composições lipídicas. 

Palavras-chave 

httex1, fibrilação, cinética, lípido, Thioflavin-T 
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1.1 Neurodegenerative diseases and protein aggregation 

In healthy organisms, proteins fold into their unique three-dimensional structure, known as their native 

conformation, and then perform their biological function. However, several neurodegenerative diseases 

are characterized by the formation of protein aggregates in the brain, causing harm to different brain 

regions and cell types, culminating in cell death. These aggregates are formed by proteins that cannot fold 

correctly or that cannot keep their native form for long [1].  

There are several neurodegenerative diseases that are associated with protein misfolding and 

aggregation, namely the formation of amyloid fibers. Amyloid fibers are characterized by aggregation of 

proteins that form cross β-sheet conformation [2]. Cross β-sheets are formed by β-strands that assemble 

into ribbon-like structures, forming protofilaments. These protofilaments then assemble to form the 

amyloid fibrils. Among them, we have Alzheimer’s Disease, Parkinson’s Disease, Huntington’s Disease 

and Type II diabetes. Huntington’s Disease specifically is caused by a mutation in the huntingtin gene that 

leads to an expansion in the glutamine tract (polyQ) found in the first exon. 

 

Table 1.1. A selection of human diseases where the formation of protein amyloid aggregates is an 

important feature and their respective pathological proteins. Adapted from Chiti et al., 2017 [3]. 

Disease Responsible protein Structure 

Alzheimer’s Disease Amyloid-β peptide (Aβ)  Intrinsically disordered 

Parkinson’s Disease α-Synuclein Intrinsically disordered 

Huntington’s Disease Huntingtin protein with expanded 

polyQ tract  

Mainly Intrinsically disordered 

Spino-cerebellar ataxia 1 (SCA1) Ataxin-1 Unknown 

Type II Diabetes (T2D) Islet amyloid polypeptide (IAPP) Intrinsically disordered 

Creutzfeldt-Jakob disease Prion protein (PrP) Intrinsically disordered 

Pick disease Microtubule-associated protein tau 

(τ) 

Intrinsically disordered 

  

There are three main different approaches for studying amyloid fibrils: isolation of proteins from the brains 

of diseases patients, cloning and recombinant expression, or using synthetic methods to create synthetic 

peptides knowing the amino acid sequence of the pathological proteins [4]–[7]. 

Post translational modifications (PTMs) have been shown to influence the aggregation process of proteins 

involved in neurodegenerative diseases [8]. Through comparisons between healthy and diseases 

samples, it is possible to identify what changes are relevant for aggregation processes.  
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1.2 Formation of amyloid fibers and detection methods 

 

Figure 1.1: Schematic representation of the energy landscape for protein folding and aggregation. The 

landscape includes the free energy in relation to possible intra- and intermolecular contacts. Unfolded 

entities have the highest free energies and give rise to more stable structures with lower free energies; 

such states include the native state, as well as other lower energy states that are even more stable and 

harder to break, such as amyloid fibrils. Adapted from Raskatov et al., 2017 [9]. 

 

The basic biological paradigm states that proteins show a structure-function relationship, where the 

structure of a protein will dictate its function. Proteins have a native structure, the conformation at which 

they can perform their biological function as intended [10]. It begins with the amino acid sequence that 

undergoes a series of conformational changes, usually mediated by chaperones [11]. However, mutations 

and other conditions inside the cell can cause this folding process to not function properly and the protein 

acquires other harmful conformations. Such is the case for many amyloid proteins, where other lower 

energy conformations are adopted, and the protein is unable to go back to its native structure [3]. Figure 

1.1 illustrates the variety of protein conformations and their relative free energy. 

The most widely accepted model for formation of amyloid fibrils is the nucleation polymerization model 

[12], [13]. The process begins with a lag phase where no aggregation is observed, but the formation of the 

nucleus begins. The nucleus is the highest energy unit in the fibrilization pathway, so makes the initial 

association process of the monomers entropically unfavorable [12]. Nucleation is thus a very slow and 
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rate-dependent process. In this stage, most of the environment contains the monomeric unit, the 

malformed peptide. The nucleation step involves the condensation of multiple molecular units and their 

association to form a protofilament. Once a critical nucleus is formed, the aggregation process accelerates 

exponentially, and other monomeric units connect to the structure to form the filament. Finally, filaments 

connect to form fibrils. The lag phase can be eliminated entirely if the sample already contains nucleated 

structures, commonly known as “seeds”.  

The overall process is represented by a sigmoidal curve (Figure 1.2-A) involving three main steps: lag 

phase where nucleation happens, growth phase where elongation happens, and saturation phase where 

the protofilaments bind to form amyloid fibers. Figure 1.2-B explains the three main steps in amyloid fiber 

formation.  

 

Figure 1.2: (A) General aggregation profile of proteins that follow a nucleation-polymerization pathway for 

amyloid fiber formation. (B) Representation of the process of nucleation, elongation, and dissociation in 

the process of amyloid fibril formation. Adapted from Sharma et al. 2021 [12]. 

 

Knowing that amyloid fibrils play a major role in the pathogenicity of several neurodegenerative diseases, 

studying their atomic structure can aid in understanding their formation process. Dyes and fluorescent 

markers are often used to detect amyloid fibrils. 

There are several ways to detect the presence of amyloid fibrils, using both probes and microscopy 

techniques. One of them is cryogenic electron microscopy (Cryo-EM), a technique that gives a high-

resolution representation of the structure of amyloid fibrils [14]. Another technique is fluorescence-lifetime 

imaging microscopy (FLIM), which allows detection of the fast and very sensitive amyloid aggregation 

(A) (B) 
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process [15]. FLIM relies on the measurement of exponential fluorescence decays over time and spatial 

resolved images and kinetic aggregation information can be obtained. Another method is structured 

illumination microscopy (SIM), where the fluorescence excitation light is scattered and it generates a 

patterned illumination that can be rearranged to obtain the necessary data [15]. It has been used to 

monitor fibril formation in live-cell imaging experiments with fine structural details of the samples [16]. 

More structural data can be obtained by imaging techniques such as TEM (Transmission Electron 

Microscopy), or AFM (Atomic Force Microscopy) [17], [18]. 

Congo Red birefringence assay is a traditional histological technique used to identify the presence of 

amyloid deposits in situ, ex vivo, and in vitro [13]. The dye shows yellow-green birefringence under 

polarized light, that is, stained samples appear red at normal light but yellow-green between crossed 

polarizers. It is the first step for the generic identification of proteins forming amyloid structures, since this 

dye has affinity for binding to fibril proteins containing β-sheet conformation, the hallmark of amyloidogenic 

proteins [19].  

Thioflavin-T (ThT) fluorescence assays measure the change in fluorescence intensity of ThT after it binds 

to amyloid fibrils [13], [20]. In this thesis, ThT fluorescence spectroscopy assay was the method used to 

identify and follow the amyloid formation and protein aggregation process over time. ThT is one of the 

most common techniques used to identify the presence of amyloid fibrils in samples. After it binds to the 

amyloid fibrils, ThT gives a strong fluorescent signal at approximately 482 nm, when excited at 450 nm 

[21].  

 

Figure 1.3: Chemical structure of Thioflavin-T (ThT) dye used for identification of amyloid structures. 

Adapted from Khurana et al. 2005 [22].  

 

ThT acts as a “molecular rotor”: when in solution, the rings in the chemical structure (Figure 1.3) rotate 

freely. The increase in fluorescence happens when ThT binds to amyloid fibrils and causes the rotational 

immobilization of the central C–C bond connecting the two rings in the structure. An advantage of ThT 

when compared to Congo Red (CR) is its simplicity in usage – unlike CR, ThT does not need staining and 

washing steps and can be applied directly to the sample [23]. However, care is needed because false 

positives can be obtained when working with CR. ThT has also been shown to bind and emit fluorescence 

when bound to fibers prepared from biological or synthetic sources. All of this makes ThT a very sensitive 

and efficient tool.  
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ThT has been successfully used to study amyloid proteins with varied amino acid sequences, thus 

strongly suggesting that it recognizes a structural feature common among fibrils, rather than a specific 

sequence. Knowing that amyloid fibrils in general show a cross-β organization, it is generally well 

accepted that the ThT binding site is located on the surfaces of cross-β structures, a hallmark of amyloid 

proteins.  

Figure 1.4 shows a schematic representation of amyloid fibrils with their anti-parallel organization. A cross 

β-strands, there are repeating interactions of side chains that form extended channel-like motifs. This 

arrangement generates space that is exposed to the solvent and allows the binding of linear dyes to the 

side chains along the axis of the fiber, such as ThT or Congo Red [21], [23], [24]. Of course, there are 

other proposed models for ThT binding, but the “channel model” is the most accepted.  

 

Figure 1.4: (A) Schematic representation of cross-β amyloid structures and distances between 

components, in Angstrom. (B) Schematic representation of the proposed model of ThT binding to amyloid 

fibrils via interaction with the side chains exposed to the solvent. It is proposed that the minimal span 

required for ThT binding is four consecutive β-strands. Adapted from Biancalana at al. 2010 [23]. 

 

Research done by Xue et al. 2017 [25] show that ThT fluorescence intensity correlates linearly with 

amyloid fibril concentration, even when different concentrations of both dye and fibrils were tested. It was 

also shown that ThT has little or no effect on the aggregation kinetics. Therefore, ThT has been 

extensively used for monitoring amyloid fibril formation.  

The combination of different detection methods helps understand the process of fibril formation both in a 

general and detailed manner. However, interpreting results of aggregation should be performed carefully, 

since aggregation samples are heterogenous, containing oligomers, fibrils and inclusion bodies that might 

generate differences in emitted and recorded signals. 
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1.3 Huntington’s Disease (HD) 

Huntington’s Disease (HD) is a fatal autosomal dominant neurodegenerative disease caused by a CAG 

trinucleotide repeat expansion within the first exon (Exon 1) of the huntingtin gene (HTT, IT15) located on 

chromosome 4 [26]. Pathological CAG expansions lead to the expression of a mutant huntingtin protein 

(Htt) containing an expanded polyglutamine (polyQ) domain, which alters its physicochemical properties 

and cellular stability [27]. HD presents a progressive nature. Several studies also report a strong 

correlation between the polyQ-length and the age of onset in HD, symptoms appear earlier for longer 

polyQ-lengths [28].  

The wild-type HTT gene is composed of 11 to 34 CAG repeats. Abnormal CAG expansions greater than 

40 represent a near-certain possibility to develop HD, whereas CAG repeats between 34 and 40 show 

medium penetrance, with no disease or a very late age of onset. Zühlke et al. has reported the propensity 

of CAG repeats to expand through generations due to meiotic instability [29]. 

The most famous case study of HD happened in Lake Maracaibo in Venezuela, where several families 

have been developing HD [30]. Researchers have monitored these families to collect clinical and genetic 

data for further studies. Patients are descendants of a woman who passed the abnormal mutated gene 

responsible for HD.  

HD has been studied through several methods, from post-mortem tissue analysis to usage of transgenic 

murine animal models [31] and several cell lines, including in vitro assays with isolated proteins and 

synthetic peptides that mimic the toxic Htt protein. In vivo magnetic resonance imaging (MRI) has shown 

that HD impacts brain morphology, causing loss in volume of grey and white matter, micro- and 

macrostructural changes, as well as changes in functional brain activity [5].  

1.4 Symptoms, diagnosis and treatment 

HD impacts both the physical and psychological wellbeing of the patients. The disease typically begins 

showing its symptoms in mid-life, but there is variety at the exact age of onset which has been attributed 

primarily to variation in the CAG length [32], [33].  

Physical symptoms include chorea (involuntary and irregular muscle movements) and balance 

disturbances. Chorea is the most recognizable and treatable symptom in HD. Unfortunately, the decline in 

motor control and postural instability lead to falls and places the patient at risk of serious injuries [34]. 

Psychological and psychiatric symptoms include many emotional distress signals, such as depression, 

anxiety and suicidal ideation [35], [36]. Patients also show a decrease in cognitive abilities: speed of 

processing, problem-solving, and attention [37], [38]. It is possible to detect the onset of cognitive 

impairment before motor manifestations appear, but ultimately the rate of cognitive decline increases as 

patients near the motor onset. 

The most direct and effective tool for diagnosis of HD is genetic tests that measure the CAG length in the 

HTT gene [39]. However, this method is not accurate in indicating the age onset for the symptoms. The 
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diagnosis process is also accompanied by screening for motor symptoms that unequivocally point towards 

HD, along with confirmed family history of the disease or a positive genetic test [40]. Prenatal testing is 

also a tool for HD patients that are concerned about passing the disease to a child. 

Unfortunately, there is no current cure or disease-targeting treatment available.  Most care is directed 

towards managing physical and psychological symptoms, as it is not possible to slow neurodegeneration 

[41]. Future research is focused on genetic engineering, aiming to remove the CAG repeats in the 

patient’s DNA or RNA. Possible strategies for this include CRISPR/Cas-9 (DNA) and antisense 

oligonucleotides (RNA) [42], [43]. 

1.5 Huntingtin protein (Htt)  

Htt protein is encoded by the HTT gene located on chromosome 4 in humans. The protein is expressed in 

all tissues of the body, but research focuses on its role in the degradation of the central nervous system 

(CNS) [44]. The pathological region of the mutant gene corresponds to exon 1 out of a total of 67 exons. 

Exon 1 has been extensively studied due to its established role in HD. The polyQ tract is flanked by a 17-

amino acid segment at N-terminal and a C-terminal proline-rich domain (PRD) [45]. The full-length Htt 

protein contains 3144 amino acids and has a molecular weight of 348 kDa [46]. Several studies have 

identified a myriad of post-translational modifications (PTMs) at numerous amino acids, including 

phosphorylation, acetylation, ubiquitination, sumoylation, among others [47]. 

The overall Htt structure includes units of around 50 amino acids that repeat themselves throughout the 

protein, creating HEAT repeats. These repeats are composed of two anti-parallel alpha-helices with a 

helical hairpin configuration [48], [49]. Figure 1.5 summarizes many of the Htt protein’s characteristics.   

The exact function of the Htt protein remains unknown, but evidence supports its role in cell division, 

transcriptional regulation, and intracellular transport [46]. Previous research pointed out its importance in 

normal embryogenesis, as knockout mice for the HTT gene die at early developmental stages [51]. 

Moreover, Htt protein also comprises several signal sequences - nuclear export signals (NES) and nuclear 

localization signals (NLS), suggesting that its location alternates between the cytoplasm and nucleus as 

required [44]. 

Htt plays an important role in vesicle trafficking in neurons since its phosphorylation has been reported to 

act as a switch between retrograde and anterograde transport [52]. It is suggested that Htt associates with 

vesicles and microtubules by binding to dynein (a microtubule motor protein), and HAP1 (Huntingtin 

Associated Protein 1), highlighting Htt’s role as a scaffold and its importance in protein-protein 

interactions. The study proposes a model where Htt has a key role in promoting association of vesicles 

with the cytoskeleton by directly binding to dynein and thus affecting cytoplasmic vesicle motility [53]. The 

Htt protein also contains polyQ and polyP sequences that form polar zipper structures that are able to 

interact with DNA, likely to regulate gene transcription as it also interacts with known transcription factors 

and repressors [44]. 
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Figure 1.5: Schematic representation of several features of Htt. (A) Full length Htt protein with HEAT 

repeats. The black stripe represents the end of Httex1. (B) Sequence of Httex1 and its domains: the first 

17 amino acids (Nt17) are shown in green, polyQ in purple, proline rich domain (PRD) in gray. (C) 

Theoretical three-dimensional structure of Nt17 forming a α-helix. The hydrophilic region is shown in red 

while the hydrophobic region is shown in blue. (D) View down from the barrel of the α-helix showing the 

relative hydrophobicity level, as well as the sites known to be a target for PTMs. Adapted from Arndt et 

al., 2015 [50]. 

 

As mutant huntingtin keeps being produced, if it does not aggregate to form amyloid fibers, the free, 

diffused form will interfere with proteosome stability by occupying molecules responsible for protein folding 

and interfere with the normal interactions found in the proteosome [54]. Mutant huntingtin was also found 

to disrupt transcription.  

1.6 Huntingtin exon 1 (Httex1)  

About a decade ago, Sathasivam et al. [55] found that the formation of the small and toxic fragment at the 

N-terminal is caused not only by the proteolytic cleavage as proposed previously, but by also aberrant 

splicing of the translated mRNA with the involvement of a splicing factor (figure 1.6) [55].  

A study done by Graham et al.  [56] was able to identify critical cleavage sites by caspase-6 (protease) in 

mutant huntingtin involved in the generation of toxic fragments that play a role in the neuro-pathogenesis 

of HD. This conclusion was taken when inhibition of caspase-6 was observed to protect against striatal 

volume and neuronal loss. 
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Figure 1.6: The proposed mechanism for the incomplete splicing and proteolysis. Longer CAG repeats 

cause reduced rates of transcription by polymerase II, which leads to incomplete splicing. This slower rate 

may give more time for transcription factors to identify exposed cryptic poly-adenylation (polyA) sites, and 

consequently generate truncated toxic exon 1 fragments. Alternatively, the entire mRNA corresponding to 

the full-length HTT protein can be translated and via proteolysis generates the toxic exon 1 fragment 

responsible for most of HD’s pathology. Adapted from Bunting at al. 2022 [56]. 

 

In HD patients, the Httex1 sequence includes the extended polyQ section, flanked by the N-terminal 

domain containing the first 17 amino acids (Nt17 domain) and the C-terminal proline rich domain (PRD).  

Some studies have highlighted the role of the flanking polyQ domains in the aggregation phenomenon 

[57], [58], [59]. The aggregation phenomenon follows a nucleated growth polymerization pattern [57]. First, 

there is the energetically unfavorable formation of a nucleus, followed by the growth of the aggregates by 

sequential monomer addition. The same study highlights the contradictory effects that Nt17 and PRD 

seem to have on the aggregation of the fragments: the PRD sequence located on the C-terminal side of 
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the polyQ does not change the aggregation mechanism at its core, but it reduces the aggregation kinetics 

and aggregate stability [58].  

On the other hand, the Nt17 domain seems to act as a catalyst to the aggregation process. A study [57] 

used a synthetic peptide sequence of the Nt17 domain of the HTT gene attached to 35 glutamine residues 

to prove this. When equal concentrations of the Nt17-polyQ35 and the polyQ35 were compared, the 

results showed that the sequence containing the Nt17 domain aggregates significantly faster. The same 

study was able to show this effect is dominant over the aggregation-suppressive effect the PRD. Nt17 

domain plays an important role in aggregation as a first step in the process – this is further supported by 

an experiment where binding of immunoglobulin fragment to N-terminal domain is shown to inhibit Httex1 

aggregation and toxicity in a variety of cell models [60]. Just as longer polyQ segments in vivo are 

associated to earlier age of disease onset, the length of artificial polyQ peptides greatly influence the 

aggregation kinetics. 

Figure 1.7 shows a schematic representation of the possible aggregation pathways for the Htt protein. The 

aggregation process starts with a lag phase up until a certain threshold, after which a rapid elongation 

phase is observed, marked by aggregate growth. Curiously, the study was able to show that the lag phase 

can be drastically reduced, if a small amount of already aggregated polyQ peptides is added. 

 

 

Figure 1.7: The proposed model for polyQ aggregate nucleation and extension. The Htt fragment once 

produced can adopt several misfolded conformations, such as oligomers or annular aggregates. The 

figure shows two possible pathways for fibril formation: A and B. In pathway A, there is the formation of 
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oligomer intermediaries, which then form amorphous aggregates among themselves. These aggregates 

can also accumulate together and form large inclusion bodies, a known hallmark of HD. A major structural 

transformation must occur within the aggregates to initiate the fibril formation process. Pathway B 

describes the direct transition from monomeric units to fibrils. Adapted from Arndt et al., 2015 [50]. 

 

1.7 Recombinant Expression and purification of Httex1  

Due to the high content of glutamine and proline amino acid residues in Httex1, both charge-neutral amino 

acids, the fragment is unstable and prone to aggregation, thus complicating the purification strategies. 

This means that traditional systems, like recombinant bacterial and mammalian expression, become even 

more challenging and unfeasible without extra steps [61].  

For this reason, initial Httex1 studies used synthetic polyQ [62] or Httex1-like peptides containing 

additional features (such as addition of lysine amino acids or other charged amino acids) that make 

solubilization of the protein easier, especially for Httex1 fragments with a large polyQ-length, which are 

notably much harder to isolate and purify [57, p. 1]. However, these methods may not give sufficiently 

accurate or extrapolative data regarding the Httex1 protein that is expressed in HD patients. The method 

still poses its advantages: the usage of artificial peptides eliminates the troubles posed by the presence of 

impurities that could interact with the aggregate-formation process.  

Another strategy adopted by researchers is the fusion of Httex1 fragment to large solubilizing protein tags, 

such as glutathione S-transferase (GST), maltose binding protein (MBP), or thioredoxin [61]. This 

technique requires proteases to cleave the fusion protein in situ – due to Httex1’s nature, the release of 

the fusion protein will initiate the aggregation of the fragments.  

A possible issue with fusion technique is the incorporation of additional amino acids at the N- or C-

terminal of the protein, which in turn can alter the biophysical and biochemical properties. Not only that, 

but certain proteases may cleave regions within the Nt17 domain, resulting in the formation of undesired 

Httex1 fragments.  

If any of these issues occur, the result will be a heterogeneous mixture of variations of the desired 

fragment. This also requires enzymes that perform a complete cleavage, as well as high specificity and 

efficiency to minimize the insertion of unwanted characteristics as much as possible. 

Additionally, the fusion proteins mentioned in the beginning of this section are large when compared to the 

Httex1 fragment, thus rendering small conformation changes, such as modifications in secondary 

structure, more difficult to observe. 
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Table 1.2: Table containing a list of the most common Httex1 fusion proteins and proteases used for in 

vitro aggregation studies. Adapted from Vieweg et al. 2016 [63].  

 

 

In 2018, Reif at al. [63] published an optimized protocol where tag-free Httex1 is generated in milligram 

quantities; this technique relies on the transient fusion of small ubiquitin related modifier (SUMO) which 

will be cleaved by ubiquitin-like protein-specific protease 1 (ULP1). The advantage of using ULP1 is that it 

does not recognize a specific sequence, but rather it recognizes the tertiary structure of the SUMO protein 

– this eliminates the problems caused by miscleaving of the sequence, which as mentioned before could 
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add or remove amino acids to the Httex1 fragment. Another advantage of using ULP1 is its fast-cleaving 

time. Previous strategies, such as the intein process, required some hours for complete cleavage to occur, 

thus allowing the formation of aggregates to begin before complete cleavage was observed. Yet another 

advantage of this method is its absence of an external protease for it to function because cleavage of 

intein tag occurs by change in pH [64]. This possibly avoids the possibility of premature cleaving that has 

been observed in previous methods. 

A polyhistidine (His6) tag was also present in the construct to facilitate the purification of the protein via 

Immobilized Metal Ion Affinity Chromatography (IMAC) – thus the final construct to be expressed is the 

Httex1 fragment with the His6-SUMO tag at the N-terminal region. 

The Httex1 fragment is intrinsically disordered, thus being especially prone to degradation: the presented 

protocol does not pose any threat of Nt17 domain degradation, however truncations in the PRD domain 

remain a possibility. This is quite worrying as the resulting truncated proteins retain many of the original 

fragments’ properties, such as hydrophobicity, charge, and size, and thus removing them from the 

obtained sample after the cleaving of the His6-SUMO is very challenging. Luckily, the protocol suggests 

that always working on ice and using sufficient protease inhibitor should keep the PRD degradation levels 

low [63]. Due to its very high propensity to form aggregates, the cleaved fragment should be prepared for 

purification as soon as the cleaving reaction is over. 

In the event that aggregation occurs, a disaggregation and resolubilization protocol is also included in the 

article published by Reif at al. [63] to avoid obtaining misleading data from the kinetic and physical 

studies. Such misleading data could arise from the presence of pre-formed aggregates in the sample after 

it has been cleaved and stored, so it is important to perform this step to guarantee that most of the sample 

is composed of monomeric units. 

The use of the SUMO tag, which provides the SUMO-Httex1 construct with high solubility and stability, 

allows researchers to further manipulate the Httex1 before cleaving and even before expressing by 

introducing alterations at cNDA – this approach would allow for the introduction of post-translational 

modifications, addition of fluorophores and other markers and labels, in turn proving as additional tools to 

help us understand the structure-function relationships as well as pathological strategies contained within 

the Httex1 fragment. 

1.8 Kinetics and lipids 

The formation of amyloid fibrils is the hallmark of several neurodegenerative diseases, so understanding 

the mechanisms and kinetics of their formation is paramount. The standard protocol for investigating fibril 

formation is the ThT fluorescence assay, where ThT binds to the β-sheet structure present in amyloid 

fibrils and emits intense fluorescence when compared to free ThT levels in solution. However, this 

technique also poses several difficulties. Results can sometimes be ambiguous due to differences in pH, 

temperature, selected buffers, preparation of the protein samples, and additives or impurities present in 
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the solution [20]. The obtained kinetic data should present a curve whose profile is similar to the sigmoidal 

curve shown in Figure 1.2-A. 

Lipid membranes 

Lipids are an important part of every cell, as every cell is incapsulated by a lipid bilayer and human cells 

have several sub-cellular compartments (organelles) that are also encapsulated by lipids, such as the 

endoplasmic reticulum, mitochondria, and the Golgi apparatus [65], [66]. Amyloid fibrils interact with lipid 

surfaces, disrupting the cellular stasis. Studying this interaction is fundamental work and has potential 

implications for disease understanding [67]. 

The kinetic assays including lipid membranes make use of either biological or synthetic lipids. Biological 

lipids include total brain lipid extract (TBLE) and synthetic lipids use negative or zwitterionic lipids, or a 

mixture of both.  

TBLE is usually chosen as a model lipid system for surface interaction studies because it is composed of 

several lipids in a ratio like that of a biological system [68]. It is more complex than synthetic membranes; 

besides containing phospholipids, it also contains cholesterol, sphingolipids, and other components [69].  

The Nt17 domain has been proven to form an α-helical structure and act as a lipid binding domain that 

interacts with membrane curvature and is subjected to electrostatic interactions with headgroup charges 

[70]. This makes the Nt17 domain an extremely important feature that facilitates the insertion of the 

amyloid fibrils into the lipid membranes [71]. Because of this, it has a negative role in membrane stability, 

affecting the bilayer’s fluidity by increasing its rigidity [18].  

Several results support the notion that htt fibrils bind to the membrane and membranes of subcellar 

components, affecting the membrane’s integrity and stability. Not only that, but the anchoring of fibrils and 

aggregates at the lipid membrane can serve as a “seed” for the monomers to aggregate and exponentially 

increase the fibrillation rate and creating areas on the cellular surface where the concentration of mutant 

htt is very high.  

On the other hand, the PRD rich domain has been shown to be less important when it comes to lipid 

interaction and the insertion of the protein in the lipid membrane. Results from literature show that the 

presence of the PRD alone is not sufficient for insertion into the lipid membrane, but that it had a 

considerable effect on aggregation and formation of aggregates when the Nt17 domain is also present in 

the protein or construct [71].  

To form a lipid membrane, this thesis uses a mixture of negative and zwitterionic lipids on a ratio of 25% 

POPC and 75% POPS. The zwitterionic lipid is overall charge neutral and it has been included in the 

mixture to equilibrate the overall charge of the lipid membrane, as using only anionic lipids could cause 

repelling between the headgroups. This simplification of a biological lipid membrane allows researchers to 

study the fundamental mechanisms through which fibrillation of httex1 can be effected [17]. In future 
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studies, other components can be gradually added to this mixture to test their influence and interaction in 

the fibrillation process.  

 

Figure 1.8: Chemical structure of anionic lipid POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-

serine). 

 

Figure 1.9: Chemical structure of zwitterionic lipid POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine), 

considered one of the model lipids for biophysical experiments.  



16 
 

Goals and work-plan 
It has been suggested in literature that lipidic membranes have an enormous effect on the fibrillation of 

amyloid proteins. This has been speculated to happen due to electrostatic interactions between the 

negative charges present in lipid membranes and the flanking domains of amyloidogenic proteins, in this 

particular case, the mutant huntingtin protein.  

The overall goal of this work is to assess how the presence of anionic lipidic membranes affects the 

kinetics of the fibrillation process of mutant Htt via ThT fluorescence assay. For this, lipid membranes 

consisting of 75% anionic lipid POPS and 25% zwitterionic lipid POPC were prepared. The addition of the 

zwitterionic lipid was done to stabilize the membrane by preventing negative repelling. It is expected that 

the presence of the lipid membrane will increase the aggregation rate of mutant Htt.  

The following steps were necessary to obtain the results of this thesis: 

• First, E. coli cells were transformed with the vector containing the mutant Htt protein with the 

SUMO and His6 tag. The cells were grown and induced with IPTG to express the fusion protein of 

interest that will be further purified through IMAC and SEC procedures. Finally, the concentration 

of the obtained purified fractions is determined, and the fractions of interest are stored at -80 ºC.  

• Next, the lipid vesicles containing POPS and POPC need to be prepared. The end goal is to 

obtain LUVs via extrusion. The LUVs are then stored in the buffer that will be used for the kinetic 

assays with ThT. This implies that LUVs will be stored in aqueous buffer and thus will not remain 

stable for long periods of time. The LUVs should be used in the kinetics assays planned 

throughout the following days. 

• Finally, the Tht fluorescence assay will allow the detection of amyloid fibrils. The fluorescence 

assay with microplates will measure the fluorescence over a period of 16 hours. That will also 

allow the tracking of the formation of amyloid fibers, from the lag phase until a plateau is reached.  
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2.1 Plasmids, bacterial strains, materials and chemicals 

Both pET-SUMO-Httex1-37Q/43Q plasmids were previously created in the host lab. The Httex1-37Q or -

43Q cDNA were obtained by polymerase chain reaction (PCR) from the pTWIN1-His6-Ssp-Httex1-

37Q/43Q plasmids (gift from Hilal Lashuel - Addgene plasmids #84351 and #84352, respectively) and 

further subcloned into a pET SUMO vector obtained from Invitrogen. The pET-SUMO-Httex1-37Q/43Q 

plasmids allow to express Httex1-37Q/43Q fused at N-terminal with a tag containing a polyhistidine (His6) 

and a small ubiquitin-related modifier (SUMO) [61]. E. coli chemically competent One Shot® Mach1™-T1R 

and BL21(DE3) were also obtained through the Champion™ pET SUMO Protein Expression System 

(Invitrogen). Deoxyribonucleotide triphosphate (dNTPs) Mix and FastDigest DpnI are from Thermo Fisher. 

PfuUltra High-fidelity DNA Polymerase is from Agilent Technologies. Primers for site-directed mutagenesis 

were synthesized by Stab Vida; DNA sequencing was also carried out by Stab Vida.  

Luria Broth (Miller’s LB Broth), agarose, isopropyl β-D-1-thiogalactopyranoside (IPTG), dithiothreitol 

(DTT), kanamycin (Km) and NZY Miniprep Kit for plasmid extraction/purification were obtained from 

NZYTech. The complete Mini EDTA-free Protease Inhibitor Cocktail Tablets are from Roche. 

Phenylmethylsulfonyl fluoride (PMSF) is from PanReac AppliChem. The 0.45 µm syringe filters (low 

protein binding) were obtained from Labbox. The Amicon Ultra-15 Centrifugal Filters with 3 kDa and 10 

kDa cutoff were purchased from Millipore. Slide-A-Lyze TM Dialysis Cassettes of 10 kDa cutoff (30 mL) and 

the dialysis as well as the Pierce™ Modified Lowry Protein Assay Kit were obtained from Thermo Fisher. 

The 5 mL and 1mL HisTrap FF columns and also the Superdex 75 10/300 GL column are from GE Life 

Sciences.  

POPC and POPS were purchased from Avanti Polar Lipids. ThT is from Sigma and the 96-well 

microplates F-bottom and non-binding protein are from Greiner Bio-One. 

The chemicals used for preparing buffers and solutions for Httex1 production, SDS-PAGE gel, and the 

Httex1 aggregation assays were obtained from different providers (typically NZYTech, Sigma and Thermo 

Fisher). Buffer solutions were always made with MiIIi-Q water (18.2 MΩ.cm), filtered with 0.2 μm 

membrane filters (Sartorius), and finally stored at 4°C.  

2.2 Site-directed mutagenesis of pET-SUMO-Httex1-37Q   

For future Httex1-37Q-lipid interaction studies and to create single-labeled Httex1-37Q constructs at both 

flanking polyQ regions, the pET-SUMO-Httex1-37Q plasmid was engineered for expression of Httex1-37Q 

containing a single-cysteine mutant at position A2C or A82C. The mutations were introduced by 

QuikChange II Site-Directed Mutagenesis strategy (Agilent Technologies) according to the manufacturer’s 

instructions. The pET-SUMO-Httex1-37Q plasmid previously cloned in the host Lab was used as a 

template. Briefly, we used the following PCR reaction mixtures: 5 µL of 10× PfuUltra HF reaction buffer, 1 

µL of 40 mM of dNTPs mixes, 1.25 µL of 0.1mg/ml of each primer (for 125 ng), 30 ng of template, 1 µL of 

PfuUltra High-Fidelity DNA polymerase and then water for a final volume of 50 µL. The PCR was 
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performed in a SimpliAmp Thermal Cycler (Thermo Fisher) and using the following settings: (i) an initial 

denaturation at 90 ºC for 30 seconds, and then (ii) 16 PCR cycles- 30 seconds at 90 ºC for denaturation,1 

minute of annealing at 55 ºC, and 12 minutes at 68 ºC for extension. The plasmid amplification was 

confirmed in a 1% agarose gel (100 V for 50 min). 

Table 2.1: Sequence of the primers used for site-directed mutagenesis. 

Primers Sequence (5’ to 3’) 

A2C Forward CAGAGAACAGATTGGTGGTTGTACCCTGGAAAAACTGATG 

A2C Reverse CATCAGTTTTTCCAGGGTACAACCACCAATCTGTTCTCTG 

A82C Forward CCGGGTCCGGCAGTTTGTGAAGAACCGCTGCATC 

A82C Reverse GATGCAGCGGTTCTTCACAAACTGCCGGACCCGG 

 

The PCR reaction was then incubated with 1µL of FastDigest DpnI at 37ºC for 1 hour. Afterwards, One 

Shot® Mach1™-T1R Chemically Competent E. coli cells were transformed with 4 µL of the digested PCR 

product by heat shock method and spread on LB-Agar plates containing 50 μg/mL of Km. Single isolated 

colonies were inoculated in 30 mL of LB-Km medium and then left to grow overnight (O/N) at 37 ºC with 

200 rpm shaking. The plasmid extractions were performed with the NZYMiniprep kit according to the 

manufacturer’s instructions. The concentration and purity of DNA were measured using the NanoDropTM 

One/OneC spectrophotometer (Thermo Fisher). Samples were then sequenced by Stab Vida using a T7 

reverse primer (5’ TAGTTATTGCTCAGCGGTGG 3’). 

2.3. Production of tag-free Httex1-37Q 

2.3.1 Expression test and large scale expression of His6-SUMO-Httex1-37Q  

BL21(DE3) One Shot® chemically competent E. coli were initially transformed with the pET-SUMO-

Httex1-37Q plasmid by heat shock, spread on a LB-Agar plate with Km and incubated O/N at 37 º C. A 25 

mL LB-Km O/N inoculum of a single colony was then performed at 37ºC with 200 rpm shaking. In the next 

morning, the culture was renewed by using 15 mL of the O/N culture and 100 mL of fresh LB/Km medium 

that was further incubated for nearly 4 hours under the same conditions.  

For the expression test, 400 mL LB-Km medium was inoculated with the previous culture for an optical 

density at 640 nm (OD640) of 0.1. The cells were left to grow at 37 ºC and 250 rpm until reaching an OD640 

between 0.4 - 0.8. For evaluating the best IPTG concentration for protein expression, the 400 mL culture 

was then divided into four different culture flasks (each containing 100 mL) for exploring distinct IPTG 

concentrations (0.4, 0.6 and 0.8 mM were added) or auto-induction (without IPTG). The cells were further 

incubated O/N at 16ºC with 250 rpm shaking.  

Samples were taken before and after the IPTG induction for a volume calculated in equation (1) to keep 

the same OD across all samples. 
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 𝑉 =
1.2

𝑂𝐷640

 (1) 

These samples were then centrifuged at 8000 rpm for 2 minutes at 4 ºC and the pellet was resuspended 

in 80 µL of loading buffer (50 mM Tris-HCl, 100 mM DTT, 2% Sodium dodecyl sulfate (SDS), 0,1% 

bromophenol blue, 10% glycerol, pH 6.8). The samples were analyzed by SDS-PAGE to confirm the 

conditions for Httex1-37Q expression.  

The large-scale expression of His6-SUMO-Httex1-37Q was performed in 1L LB/Km at 16 ºC, 180 rpm, and 

using 0.6 mM of IPTG. The cells were harvested by centrifugation at 8000 rpm, 10 min, and 4 ºC and the 

pellet was resuspended in 60 mL of buffer A1 (50 mM Tris-HCl, 500 mM NaCl, 15 mM imidazole, pH 8.0), 

supplemented with 0.1 mM PMSF and 1 mini-tablet of protease inhibitors. The resuspended cells were 

stored at -80 ºC until purification. 

2.3.2. Purification of tag-free Httex1-37Q protein 

Cells (from 1L growth cells) were first sonicated on ice using the Branson Sonifier 250 with 9 cycles of 15 

pulses (duty cycle of 50% and an output control of 9-10) and 5 minutes of rest between each cycle. The 

cell lysate was centrifuged at 17 600 x g at 4 ºC for 10 minutes and then for another 1 hour. The 

supernatant was then filtered through a 0.45 µm syringe filter (low protein binding) to remove any cell 

debris left. 

First Approach 

The His6-SUMO-Httex1-37Q fusion protein was initially purified by an immobilized metal affinity 

chromatography (IMAC) performed in an ÄKTA Start System (GE Healthcare). Briefly, the filtered 

supernatant was loaded into a 5 mL HisTrap FF column equilibrated in Buffer A1 at a flow rate of 1.5 

mL/min. The non-specific bound proteins were washed out with buffer A1 at a flow rate of 5 mL/min. The 

fusion protein was then eluted in a gradient of 5-100% buffer B (50 mM Tris-HCl, 500 mM NaCl, 500 mM 

imidazole, pH 8.0) at a flow of 1.5 mL/min and in 5mL fractions.  

The fractions containing the His6-SUMO-Httex1-37Q fusion protein were pooled and buffer exchanged to 

buffer C (50 mM Tris-HCl, 150 mM NaCl, 15 mM imidazole, pH 8.0) in an Amicon Ultra-15 3 kDa cutoff or 

using a 30 mL Slide-A-Lyzer 10 kDa MW cutoff dialysis cassette O/N at 4ºC. To cleave the His6-SUMO 

tag, the His6-SUMO-Httex1-37Q fusion protein was incubated with ubiquitin-like protease 1 (ULP1) 

(containing a His6-tag) protease in a volume ratio of 1:50 and 1mM of DTT for about 2.5 to 3 hours on a 

rotator at 4 ºC. Samples were taken at each 30 minutes for SDS-PAGE analysis. 

A second IMAC was performed to remove the His6-SUMO tag and the His6-ULP1 enzyme from the tag-

free Httex1-37Q protein. The sample was then loaded into a 5 mL HisTrap FF column equilibrated with 

buffer C at 1.5 mL/min, and the tag-free Httex1-37Q protein was eluted in the flow-through at a flow rate of 

2.5 mL/min in 2.5 mL fractions. 
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Second Approach 

The cell lysis and the first IMAC were performed as described for the first approach with minor 

modifications. Specifically, the imidazole concentrations in the first IMAC were adjusted for Buffer A2 (50 

mM Tris-HCl, 500 mM NaCl, pH 8.0- without imidazole) and Buffer B2 (50 mM Tris-HCl, 500 mM NaCl, 

250 mM imidazole, pH 8.0).  A second IMAC was also conducted, but here we used a 1 mL HisTrap FF 

column equilibrated with buffer C, in which the sample was applied at 1.5 mL/min and collected in 500 µL 

fractions of the flow-through. 

The protein concentration was determined using the Pierce™ Modified Lowry Protein Assay Kit the first 

time. The remaining times the Pierce™ BCA Protein Assay Kit was used. The fractions containing pure 

Httex1-37Q (100 µL) were flash-frozen in liquid nitrogen for final storage at -80 ºC. 

2.4. Production of the His6-SUMO-Httex1-43Q fusion protein  

The His6-SUMO-Httex1-43Q fusion protein was recombinantly expressed as detailed for Httex1-37Q 

variant (section 2.3.1): specifically, 1 L of culture was induced with 0.6 mM of IPTG and grown O/N at 16 

ºC and 180 rpm. However, for this pathogenic variant, the His6-SUMO-tag was not removed during the 

purification procedure due to its high aggregation propensity. Therefore, Httex1-43Q was only purified in a 

fusion form and involved three major steps: (1) an initial IMAC, (2) buffer exchange and concentration for 

~4 mL, and (3) several size exclusion chromatography (SEC) steps for final purification. 

The cell lysis was performed as described for Httex1-37Q and the first IMAC was conducted using the 

second approach conditions (section 2.3.2). After the IMAC, fractions containing the His6-SUMO-Httex1-

43Q fusion protein were pooled and concentrated in SEC buffer (50 mM Tris-HCl, 200 mM NaCl, pH 8.0) 

with 5 mM DTT for about 4 mL using an Amicon Ultra-15 10 kDa cutoff. Between centrifugation runs, the 

sample was resuspended in the Amicon to prevent the formation of aggregates and adsorption to the 

membrane. 

The His6-SUMO-HTTex1-43Q fusion protein was further purified by multiple SECs using a Superdex TM 

75 10/300 GL column in an ÄKTA Purifying System (GE Healthcare). Briefly, for each SEC, 0.5 mL of 

sample was loaded into the column equilibrated in SEC buffer, at a flow rate of 0.3 mL/min and collecting 

0.5 mL fractions. An SDS-PAGE gel was run to determine the fractions containing the highest pure / 

concentrated fusion protein. All these procedures were conducted in ice to prevent the protein 

aggregation. 

The protein concentration was determined with the Pierce™ BCA Protein Assay Kit and storage (100 µL 

at -80 ºC) were performed as described above for Httex1-37Q (section 2.3.2).   
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2.5 SDS-PAGE gels  

SDS-PAGE gels were performed between each Httex1 purification step. Briefly, 40 µL of sample were 

mixed with 20 µL of loading buffer and then denatured at 100 ºC for 10 minutes. NZYColour Protein 

Marker II (NzyTech) was used as protein ladder. The samples were loaded into polyacrylamide gels (5% 

stacking and 15% resolving). Electrophoresis was performed first at 90 V for 10 minutes and then at 175 V 

for 50 minutes in the Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad). The gels were final 

stained with Bluesafe. 

2.6 Liposome Preparation 

Large unilamellar vesicles (LUVs) composed of 25:75 POPC:POPS were prepared to evaluate the impact 

of anionic lipid membranes on Httex1-43Q aggregation. LUVs were obtained by extrusion as described in 

the literature [72]. Chloroform stock solutions of POPC and POPS previously prepared in the lab (with 

18.69 mM and 17.49 mM, respectively) were mixed for obtaining a final lipid concentration of 0.5 mM. The 

chloroform was then evaporated using a stream of nitrogen and further under vacuum for at least 3 hours. 

The dry lipid was then resuspended in buffer F (50 mM Tris-HCl, 150 mM NaCl, pH 7.4). To form 

multilamellar vesicles (MLVs), the lipid mixture was submitted to 10 freeze-thaw cycles (in liquid nitrogen 

for 30 seconds and thaw at 50 ºC for 1 minute and 30 seconds). To obtain LUVs, the lipid suspension was 

further extruded (for 31 times) through a 50-nm diameter polycarbonate membrane filter using an Avanti 

Mini-Extruder according to the manufacturer’s instructions.  

2.7 ThT fluorescence assays  

ThT fluorescence assays were performed to detect amyloid fibril formation. These experiments were 

conducted in a PolarStar Optima microplate reader (BMG Labtech) using a 96-well microplates F-bottom 

and non-binding protein. Briefly, samples were measured for 16 hours at 25 ºC and with 250 cycles of 230 

seconds with 20 flashes per well, shaken for 20 seconds before each cycle, and with the measurement 

starting at 0.2 seconds. Shaking mode was double orbital with a shaking width of 4 mm. Scanning mode 

was orbital averaging with a scan diameter of 4 mm. The aggregation kinetics was monitored by 

measuring the fluorescence intensity (excitation 440-10 nm, emission 480-10 nm) and the gain was 

adjusted to 1375. The bottom optic was used to measure the fluorescence with a positioning delay of 0.2 

seconds and a bidirectional, horizontal left to right, top to bottom reading direction. 

Before each assay, protein samples previously stored at -80 ºC were centrifuged at 12000 g for 2 minutes 

at 4ºC to remove large aggregates. We employed different strategies for Httex1-37Q and Httex1-43Q 

variants: 

For Httex1-37Q: Purified tag-free Httex1-37Q (5, 10, 12.5, 20, 30, 50 µM) was incubated with 50 μM ThT 

in Buffer F. ThT in buffer and Buffer F were used as a control. The final volume for each well was 250 µL.  
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For the Httex1-43Q: For aggregation in solution, 50 μM ThT was incubated with 5, 10 and 15 μM of 

Httex1-43Q fusion protein, ULP1 and 1mM DTT in Buffer F. For evaluating the impact of anionic lipid 

membranes in Httex1-43Q aggregation kinetics, for ThT assays with 5 and 10 μM of fusion protein was 

also added 25 μM, 50 μM, 100 μM and 200 μM of LUVs 25:75 POPC:POPS. Here, we performed several 

controls: (i) ThT in buffer, (ii) ThT and the fusion protein (without ULP1 and DTT), (iii) ThT and ULP1, and 

finally (iv) ThT and LUVs. The final volume for each well was 250 µL.  

The data obtained throughout the ThT fluorescence assays was treated using Excel (Microsoft Office) and 

the graphs were drawn using OriginLab software. 
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3.1. Production of tag-free Httex1-37Q  

3.1.1. Expression test of His6-SUMO-Httex1-37Q 

The pET-SUMO-Httex1-37Q plasmid was previously created in the host lab. Before cloning the plasmid 

was sent for sequencing, with positive results. However, the production of Httex1-37Q using this plasmid 

had not been tested.  

In the scope of this thesis, we initially evaluated the expression of the His6-SUMO-Httex1-37Q fusion 

protein in E.coli BL21(DE3) after induction with several IPTG concentrations at 16ºC. The use of the 

SUMO-tag improves the solubilization of Httex1-37Q and avoids its toxicity for E.coli. 

Figure 3.1-A shows the SDS-PAGE gel obtained from E. coli samples collected before and after induction 

with IPTG (0.4 mM, 0.6 mM, and 0.8 mM) or without IPTG (for auto-induction). The bands corresponding 

to the His6-SUMO-Httex1-37Q fusion protein (between 35-48 kDa Molecular Weights (MW)) display 

similar intensities across the 0.4 mM, 0.6 mM, and 0.8 mM IPTG concentrations.  

The results suggest that the protein was not expressed or is not significant before the addition of IPTG. To 

act in accordance with previous work in our lab for other Httex1 variants, 0.6 mM of IPTG was selected for 

the overexpression at large volumes. 

3.1.2. Purification of the tag-free Httex1-37Q  

Httex1-37Q was purified as tag-free protein and its purification involved several optimizations regarding 

the buffers/columns for IMAC. In the first approach, we used buffers A1 and B1 with high imidazole 

concentrations and included several purification steps: (i) a first IMAC with a 5 mL HisTrap column to 

purify the His6-SUMO-Httex1-37Q fusion protein, (ii) dialysis for exchanging Buffer B  to Buffer C to lower 

the NaCl and imidazole concentrations, (iii) incubation of the fusion protein with ULP1 to cleave the His6-

SUMO tag, and finally (iv) a second IMAC with a 5 mL HisTrap column to collect the tag-free Httex1-37Q 

in the flow-through.  

Because Httex1 variants are susceptible to aggregation/degradation, the samples were always handled in 

ice. Just as other IDPs and aggregation-prone proteins, purifying Httex1 is highly challenging, and the 

work must be done with agility and efficiency to prevent aggregation as much as possible.   

The SDS-PAGE gels obtained after each purification step are shown in Figures 3.1 B-D. We note that 

both fusion and tag-free Httex1-37Q run at high molecular weights in the SDS-PAGE gels. This has been 

also reported in the literature due to the high content in proline and glutamine residues (PRD domain and 

polyQ tract, respectively) and the intrinsically disordered features of Httex1.  

In particular, the His6-SUMO-Httex1-37Q fusion protein has a theoretical MW of 24.6 kDa (calculated in 

ProtParam), but in the gel it runs between 35 and 48 kDa. The His6-SUMO tag alone runs between 11-17 

kDa and its true molecular weight is closer to 12.4  kDa [73]. The tag-free Httex1-37Q fragment has 12.1 

kDa, and its band in the SDS-PAGE gel appears at approximately 25 kDa (between 20 and 25 kDa).  
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In the first IMAC, the His6-SUMO-Httex1-37Q fusion protein initially bound to the 5-mL HisTrap column 

due to the high affinity of the Hi6-tag to the nickel column. The fusion protein was then eluted in the 

gradient with Buffer B1 in fractions 4-8 (Figure 3.1-B, band between 35-48 kDa). Here, the increase of 

imidazole concentration caused a detachment of the fusion protein from the column, as imidazole has 

higher affinity for nickel. We note that other proteins also bound non-specifically to the column and were 

then eluted with Buffer B1.  

For Httex1-37Q variant, we decided to cleave the His6-SUMO tag from the fusion protein to generate tag-

free Httex1-37Q protein. The fractions 4-8 (Figure 3.1-B) containing the fusion protein were pooled 

together and submitted to a dialysis process for exchanging to Buffer C using a 30 mL Slide-A-LyzeTM 

Dialysis Cassettes of 10 kDa cutoff at 4 ºC. This was performed to optimize the enzymatic activity of ULP1 

by decreasing the concentrations of NaCl and imidazole in the buffer.  

Upon incubation with His6-ULP1 and DTT, the His6-SUMO tag was cleaved, generating tag-free Httex1-

37Q and His6-SUMO in solution. The cleavage occurred as expected. As shown in Figure 3.1-C, sample 

at time 0’ (red box, before adding ULP1) contained the fusion protein that ran between 35-48 kDa, while at 

time 30’ the band corresponding to the fusion protein disappeared and simultaneously the bands 

corresponding to tag-free Httex1-37Q (green box) and His6-SUMO (orange arrow) appeared.  

Httex1-37Q migrates between 20-25 kDa and the His6-SUMO tag is located close to 17 kDa. Notably, the 

cleavage of the SUMO-tag occurred rapidly as shown in Figure 3.1-C, in which after only 30 minutes most 

of the fusion protein was cleaved by ULP1. This results in the co-existing in solution of His6-SUMO and 

tag-free Httex1-37Q .  

The next step involved the purification of the tag-free Httex1-37Q protein from the His6-ULP1 and the His6-

SUMO tag. Here, we used a 5-mL HisTrap column and the tag-free protein was eluted in the flow-through 

of the second IMAC. In this case, His6-ULP1 and the His6-SUMO tag remained bound to the nickel in the 

column, while tag-free Httex1-37Q was eluted. The SDS-PAGE gel obtained for the fractions of the flow-

through (Figure 3.1-D) shows some contaminant proteins, since faint bands appear above and below the 

band corresponding to the tag-free Httex1-37Q protein (highlighted with a green box). Here, tag-free 

Httex1-37Q also runs between 20 and 25 kDa and the SUMO-tag runs at approximately 17 kDa. The 

fractions containing the fusion protein were pooled and concentrated to about 500 µL for performing a size 

exclusion chromatography (SEC).  

Unfortunately, the protein was lost during the concentration in Amicons or during the SEC. This was 

concluded because the obtained samples after SEC were run in a SDS-PAGE gel (not included in this 

thesis) and it was not detected bands. This indicates that the purification in this last step was ineffective. 

One possible explanation is that the concentration of tag-free protein in Amicons has triggered its 

aggregation that these aggregates were eluted right in the beginning of the process (in SEC, the larger 
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molecules run faster). Alternatively, it is also possible that a substantial amount of protein was lost through 

the purification or have absorbed to Amicons filters.  

It is also possible that tag-free Httex1-37Q protein passed through the SEC column and was eluted, 

although in such small concentrations that it was not detected in SDS-PAGE gels. The samples from the 

SEC purification were not subjected to protein quantification, since the protein was lost or not in enough 

amount for performing the ThT fluorescence assays. 

 

Figure 3.1: SDS-PAGE gels obtained in the first purification strategy for the Httex1-37Q protein. (A) The 

expression of the His6-SUMO- Httex1-37Q protein in BL21 E. coli cells before (A, C, E and G) and after 

induction with IPTG with 0 mM (B), 0.4 mM (D), 0.6 mM (F) and 0.8 mM (H).  The red arrow indicates the 

band corresponding to the His6-SUMO-Httex1-37Q fusion protein and the IPTG concentration selected for 

the large overexpression. (B) Fractions of the gradient with Buffer B1 in the first IMAC; 3 – 11 represent 

the eluted fractions. The red box highlights the bands corresponding to the fusion Httex1-37Q protein. (C) 

Cleavage of the His6-SUMO-Httex1-37Q fusion protein with ULP1 at different timeframes (30-minute 

intervals). 0’, 30’, 60’ 90’, 120’, and 150’ correspond to the collected timepoints. The red box represents 

the fusion protein at time 0. The green box highlights the tag-free Httex1-37Q protein. And the orange 

arrow indicates the SUMO-tag remaining in solution. (D) Fractions of the flow-through of the second 

IMAC; 3 – 10 represent the eluted fractions from the flow-through. The green box marks the location of the 

tag-free Httex1-37Q protein in the gel. In all SDS-Page gels, M indicates the markers (NZYColour Protein 

Marker II). 
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To avoid the concentration in Amicons of the tag-free Httex1-37Q, we optimized the previous protocol by: 

(i) decreasing the imidazole concentration in Buffer B2 to apply a more effective gradient and (ii) using a 1 

mL HisTrap column for the second IMAC to not dilute the protein and to try to increase the final protein 

concentration.  

The results obtained for the second approach are shown in Figure 3.2. This optimized process was 

employed several times, with similar results to the ones shown in Figure 3.1 being obtained. 

In the first IMAC, Buffer B2 has 250 mM of imidazole and as expected, the His6-SUMO-Httex1-37Q fusion 

protein (Figure 3.2 A-B, band at 35-48 KDa) was eluted in more fractions, namely fractions 4-14 were 

pooled together and prepared for cleavage.  

Afterwards, the His6-SUMO tag was cleaved by ULP1 and the results are shown in Figure 3.2-C. The 

protein was successfully cleaved, with results similar to the first strategy; at time 0’, the fusion protein 

appears in the gel between 35-48 kDa, then after 30-minutes upon adding ULP1, most of the fusion 

protein was already cleaved by ULP1, resulting in two new bands corresponding to Httex1-37Q (between 

20 and 25 kDa) and His6-SUMO tag (approximately 17 kDa).  

The results of the flow-through of the second IMAC containing the tag-free Httex1-37Q protein are 

displayed in Figures 3.2 D-E. It shows clear improvements comparing the previous approach (Figure 3.1-

D), as there are fewer visible bands besides the band corresponding to the tag-free Httex1-37, located 

approximately at 20-25 kDa. This means that fewer contaminant proteins were present in the sample. 

Removal of the His6-SUMO tag from the fractions of interest was also successful, since the loaded sample 

(fraction F) shows at about 17 kDa an intense region that represents the tag. The eluted fractions in the 

flow-through (3-14) show no signal of the tag, meaning that the His6-SUMO tag remained bound to the 

column throughout most of the elution process and it was only eluted in fraction 25 with 100 % Buffer B2. 

The protein concentrations of fractions 3-9 were determined by Lowry Protein Assay Kit, ranging 2.39 to 

16.19 µM.  

Overall, this approach allowed to reduce the amount of protein lost in the process because less 

purification steps were performed, and more importantly we managed to avoid extensive protein 

aggregation in Amicons of tag-free Httex1-37Q. 
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Figure 3.2: SDS-PAGE gels obtained in the optimized purification strategy for the Httex1-37Q protein. (A) 

and (B) First IMAC, where F – feed and 1-14 represent the collected fractions in the gradient with Buffer 

B2. In both gels, the red boxes highlight the location of the His6-SUMO-Httex1-37Q fusion protein. (C) 

Cleavage of the His6-SUMO tag from the fusion protein after adding ULP1 with samples taken at each 30 

minutes. (D) and (E) Second IMAC for purification of tag-free Httex1-37Q from His6-SUMO and the 

protease. F – feed; 2-14 and 25-26 represent the collected fractions. In all SDS-Page gels, M indicates the 

markers (NZYColour Protein Marker II).  

 

3.2. ThT fluorescence assays of tag-free Httex1-37Q 

After purifying the tag-free Httex1-37Q, we evaluated the formation of amyloid fibrils of this variant located 

at the threshold for pathological aggregation in HD by ThT fluorescence assays. In particular, ThT has 

been extensively used to monitor aggregation kinetics of Httex1 in vitro and other aggregation-prone 

proteins associated with neurodegeneration, such as α-synuclein (PD’s), and amyloid-β peptide (AD’s) 

[74]–[76]. This is because ThT binds to the β-sheet formation in amyloid fibers. The binding of ThT causes 

a conformational change in the molecule and it emits fluorescence.   

ThT fluorescence assays were initially performed with 5, 10 and 12.5 µM of tag-free Httex1-37Q in 

solution (Figure 3.3-A). The average and standard deviations of the ThT fluorescence intensities over all 

assays were also calculated and are shown in Table 3.1.  

Firstly, for our control, the ThT fluorescence intensity in buffer (without protein) was constant and lower 

over the entire duration of the experiment (~16 hours), indicating that photobleaching did not occur. When 
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ThT was incubated with the tag-free Httex1-37Q, ThT intensity was always constant within our 

experiments and simultaneously above the control condition (Figure 3.3-A, Table 3.1). Moreover, the ThT 

fluorescence intensity increased with the protein concentration in the assay. More explicitly, for the results 

shown in Figure 3.3-A, the fluorescence intensity for 5 µM of protein was 2597 ± 31, for 10 µM was 4383 ± 

60 (and  4304 ± 57), and for 12.5 µM we obtained the highest value of fluorescence intensity (5092 ± 71) 

(Table 3.1). As binding of ThT to the β-sheet in amyloid fibrils results in the increase of ThT fluorescence, 

the data in both graphs reveal that the tag-free protein was already aggregated before starting the assay 

and that further aggregation did not occur during ~ 16 hours. If further aggregation had occurred, we 

would have seen an increase in ThT fluorescence intensity. 

 

Figure 3.3: ThT fluorescence assays for monitoring the amyloid fibril formation of tag-free Httex1-37Q. (A) 

ThT fluorescence signal recorded upon incubation with distinct concentrations of Httex1-37Q:  5 µM 

(orange curve), 10 µM (red and blue curves), and 12.5 µM (green curve). (B) Higher Httex1-37Q 

concentrations were evaluated: 20 (red curve), 30 (blue curve), and 50 µM (green curve). The grey curves 

in both figures represent the control (only ThT in buffer F). 

 

Table 3.1. Average (mean) and standard deviation (STDEV) of ThT fluorescence intensities upon 

incubation with tag-free Httex1-37Q for the data presented in Figure 3.3 (for ~ 16 hours).  

 5 μM 10 μM 10 μM 12.5 μM 20 μM 30 μM 50 μM 

Mean 2597 4304 4383 5092 3401 5015 5584 

STDEV 31 57 60 71 51 75 78 

 

We still explored the amyloid fibril formation for longer times by measuring the ThT fluorescence of the 

previous samples after 29, 52 and 196 hours after starting the assay (Figure 3.3-A). For all protein 

concentrations explored, ThT fluorescence intensities did not change, showing that fibrillation already 

(A) (B) 



33 
 

attained is maximum at the beginning of the assay and indeed further aggregation did not occur. Table 2 

shows the registered ThT fluorescence intensity values at the different time points.  

Table 3.2. ThT fluorescence intensity values registered at 29, 52, and 196 hours after starting the 

aggregation kinetic assay. 

Time (h) 5 μM 10 μM 10 μM 12.5 μM 

29 3049 5282 5360 6196 

52 2931 4893 4972 5806 

196 3172 4834 4994 6020 

 

We further investigated high tag-free Httex1-37Q concentrations (Figure 3.3-B). Again, ThT fluorescence 

intensities within the experimental conditions were constant. The same trend described in Figure 3.3-A is 

observed for Figure 3.3-B, where the lowest concentration of protein (20 µM) has the lowest average 

value of fluorescence intensity (3401 ± 51) and the highest concentration of protein explored (50 µM) 

shows the highest average value of fluorescence intensity (5584 ± 78). For 30 µM concentration was 

obtained an average fluorescence intensity of 5015 ± 75. 

It is important to note that buffer F was filtered before each measurement and also the protein samples 

retrieved from storage at -80 ºC were thawed and submitted to a centrifugation step before each assay to 

remove any aggregates that could have formed. Therefore, our data support two hypotheses: (i) that the 

centrifugation was not efficient in removing the aggregates or (ii) the aggregation of the tag-free protein 

occurred too rapidly to be monitored.  

The results obtained in this section of the project strongly suggest that the aggregation occurred shortly 

after SUMO-tag cleavage during the purification, which turns difficult to start the ThT assay with Httex1 as 

a free monomer.  

Indeed, if there were free monomers in the sample, the ThT fluorescence values for monomers would 

have been very low and close to the control condition. Since that is not observed in the graphs, we infer 

that the most likely option is that the sample aggregated between the cleavage of the tag and preparation 

of the fluorescence assays. 

Overall, the lack of a sigmoid curve for tag-free Httex1-37Q aggregation experiments suggests that 

aggregation occurred too quickly to be detected. The protocol used for isolation of Httex1-37Q fragments 

involved the cleavage of the His6-SUMO tag from the fusion protein between the first and second IMAC, 

using ULP1 enzyme. This leaves a large time interval where the fragment is free and more prone for 

aggregation over time, for example, during the elution step of the second IMAC or until the samples are 

prepared for storage at -80 ºC.  
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Although here we were not able to monitor the fibrillation of tag-free Httex1-37Q by ThT fluorescence, 

future studies should use the fusion construct and just cleave the SUMO-tag during the assay (following a 

similar approach used for Httex1-43Q, next section).   

3.3.  Production of the His6-SUMO-Httex1-43Q fusion protein  

Considering the results obtained for ThT fluorescence assays of tag-free Httex1-37Q (section 3.2), we 

decided to purify Httex1-43Q as a fusion protein, meaning that the His6-SUMO tag was not cleaved during 

the purification processes. This variant was chosen specifically because its polyQ-length is considered 

pathological and causes HD. Since this fragment has a larger number of glutamines in the polyQ domain, 

it is more prone to aggregation than Httex1-37Q.  

The purification of the His6-SUMO-Httex1-43Q fusion protein included: 1) an IMAC, 2) buffer exchange 

and concentration to 4 mL in Amicons, and finally 3) several SECs (each with 0.5 mL of loaded sample) 

as the final purification step. Concentration of purified protein was determined using the Pierce™ BCA 

Protein Assay Kit. The strategy followed was to not cleave the SUMO tag between purification steps, but 

to only add the ULP1 protease during the preparation of the ThT fluorescence assays. 

 

Figure 3.4: SDS-PAGE gels obtained for the purification of His6-SUMO-Httex1-43Q fusion protein. (A) 

IMAC; F – feed and 6-13 represent the collected fractions during the gradient with Buffer B2. The red box 

highlights the location of fusion protein and the fractions 8-13 were selected for pooling and concentration. 

(B) Fractions 17-25 collected during the SEC. The red box highlights the fractions that were then analyzed 

regarding their protein concentration and stored at -80ºC for further experiments. M represents the 

markers (NZYColour Protein Marker II). 

 

The results obtained from the IMAC and a typical SEC are shown in Figure 3.4. It is important to note that 

Httex1-43Q, just as the 37Q variant, appears to run at higher molecular weights in the SDS-PAGE gels 
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due to its intrinsically disordered nature, as well as high content in proline and glutamine residues. The 

true molecular weight of His6-SUMO-Httex1-43Q (calculated in ProtParam) is 25.4 kDa.  

In the first IMAC (Figure 3.4-A), the His6-SUMO-Httex1-43Q fusion protein runs between 35 and 48 kDa. 

The fractions 8-13 (highlighted by the red box) were selected for further purification. Overall, the gel 

shows satisfactory results with bands of high intensity for the fusion protein, despite the presence of other 

contaminant proteins represented by bands above and below the protein of interest. These fractions were 

pooled together and then concentrated until a volume of 4 mL using 10 kDa cutoff Amicons.  

Several SEC were performed using 0.5 mL of the previous concentrated sample. One of the results is 

shown in Figure 3.4-B, where we observe that the fusion protein was relatively pure in fractions 21-23 

(between 35 kDa and 48 kDa). These fractions were submitted to Pierce™ BCA Protein Assay Kit to 

determine the protein concentration. The typical total protein concentrations ranged 20 – 50 µM. Looking 

at the results obtained in the SDS-PAGE gels, we assume that most of that concentration corresponds to 

His6-SUMO-Httex1-43Q. 

3.4. ThT fluorescence assays of Httex1-43Q  

3.4.1. Fibrillation of Httex1-43Q in solution  

Fibrillation of tag-free Httex1-43Q 

ThT fluorescence assays were initially performed with tag-free Httex1-43Q. The protein was purified using 

the second approach purification of Httex1-37Q. The results are shown in Figure 3.5 and Table 3.3 

indicate the average ThT fluorescence intensity values and standard deviation obtained over the assay.  

Globally, we obtained here similar ThT intensity profiles to those registered for tag-free Httex1-37Q 

(Figure 3.3). All the samples with tag-free protein explored show ThT fluorescence values above the 

control condition, (ThT only in solution). Again, the ThT fluorescence intensity was constant within each 

experimental condition and increased with the protein concentration.  

Specifically, we initially explored 10 and 15 µM of Httex1-43Q protein and obtained average intensities of 

2290 ± 65 and 3594 ± 83, respectively. Afterwards, we repeated the assay with the same concentrations 

(average intensities of 5237 ± 144 for 10 µM and 7181 ± 218 for 15 µM) and explored a higher Httex1-43Q 

concentration of 48 µM (average intensity of 15669 ± 398). However, even for 48 µM of tag-free Httex1-

43Q, the ThT fluorescence intensity remained constant, and a higher value was recorded.  

Together, these results reveal that tag-free Httex1-43Q is already aggregated before starting to measure 

the ThT fluorescence intensities.  
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Figure 3.5: ThT fluorescence assays for tag-free Httex1-43Q in solution. ThT fluorescence intensities 

upon incubation with (A) 10 and 15 µM and (B) 10, 15, and 48 µM of tag-free Httex1-43Q.  In both figures, 

ThT intensity in buffer was used as a control. The results of tag-free Httex1-43Q fluorescence assay show 

the same profile that those obtained for tag-free Httex1-37Q. 

 

Table 3.3. Average (mean) and standard deviation (STDEV) of ThT fluorescence intensities obtained 

upon incubation with tag-free Httex1-43Q for the data presented in Figure 3.5 (for ~ 16 hours).  

 10 μM (A) 10 μM (B) 15 μM (A) 15 μM (B) 48 μM 

Average 2290 5237 3594 7181 15669 

(STDEV) 65 144 83 218 398 

 

Fibrillation of His6-SUMO-Httex1-43Q fusion protein  

The results presented here were performed with His6-SUMO-Httex1-43Q fusion protein obtained after 

SEC (Figure 3.4). The His6-SUMO tag was only cleaved upon addition of ULP1 enzyme in the wells and 

before ThT fluorescence was measured. We note that according to our results and also previous 

preliminary data in the host lab, the SUMO-tag cleavage occurs too quick and almost immediately upon 

incubation with ULP1, allowing that the cleavage of the solubilizing tag has a minor impact on Httex1-43Q 

aggregation profile. A few minutes after the addition of ULP1 in the microplate well, the tag is cleaved and 

Httex1-43Q is free and in a monomeric state. 

The fibrillation of Httex1-43Q in solution was initially studied by incubation of ThT with the His6-SUMO-

Httex1-43Q fusion protein and also adding ULP1 and DTT. Two different fusion concentrations were 

tested: 5 μM and 10 μM. It is important to note that Httex1-43Q fragment is within a range of HD 

pathogenicity, with a near certain possibility of causing onset of the disease. A Httex1 fragment with 43Q 

(A) (B) 
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is more prone to aggregation than with 37Q, so it is expected that Httex1-43Q will aggregate at lower 

concentrations and it would be detected by ThT fluorescence.  

 

Figure 3.6: ThT fluorescence assays for Httex1-43Q. ThT fluorescence intensities were recorded upon 

incubation with 5 μM and 10 μM of Httex1-43Q fusion protein and also ULP1 and DTT. Control conditions 

include: ThT in buffer and also ThT with the fusion protein (without the protease).  

 

Again for ThT in buffer, its fluorescence intensity was very low and constant over the experiment. For ThT 

with 5 µM of the Httex1-43Q fusion protein (without ULP1), its fluorescence intensity was slightly above 

the control condition throughout the entire duration of the assay.  

In the case of 10 µM Httex1-43Q fusion protein without ULP1, for most of the duration of the experiment, 

the fluorescence levels remained constant. Only towards the final 2 hours of the experiment, the 

fluorescence intensity values started slowly increasing. This suggests that the protein has started to form 

amyloid fibers that ThT can bind to and its fluorescence increased. Therefore, the propensity of the 

pathological Httex1 fragments to aggregate and form fibers is very strong. Even in the presence of the 

solubilizing tag, which is supposed to help keep the protein stable, aggregation seems to occur.  

In addition, Figure 3.6 shows that for all experimental conditions, the fluorescence intensities recorded at 

the very beginning of the assay were similar. This supports the hypothesis that incubating ULP1 with 

Httex1 fusion variants during the ThT fluorescence assay allows for a clean experiment, where all 

conditions have approximately the same starting point (cleavage of the tag) and thus making the obtained 

kinetic data more significant.  

For conditions with addition of ULP1 for SUMO tag cleaved, an increase in ThT fluorescence was 

detected. These conditions have the same starting point and register practically the same fluorescence 

intensity at the beginning of the experiment (around 2200 intensity). However, after some hours, the 
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fluorescence intensity values started to increase, strongly suggesting the formation of amyloid fibrils 

detected by ThT.  

There is also a notable difference in the curve profiles of 5 and 10 µM concentrations. For 5 µM of fusion 

protein and ULP1, the increase of ThT fluorescence happens very slowly over time, and only towards the 

end of the experiment it begins increasing at faster rates, even though never coming close to a plateau 

during our experiment (16 hours). It is possible that the protein concentration is so small that the 

aggregation process (the lag phase and exponential growth phase) is stretched over time. For 10 µM of 

fusion protein and ULP1, a more typical sigmoid curve was obtained. The initial fluorescence value started 

close to the control condition and then steadily increased over time. Towards the end of the experiment, 

ThT fluorescence reached almost the plateau phase (around 10 000 intensity).  

In summary, these results confirm that studying the aggregation kinetics of previously cleaved and purified 

tag-free Httex1 fragments is extremely difficult. Significant results are obtained using a fusion construct 

and just cleave the SUMO-tag at the beginning of the assay. 

3.4.2. Fibrillation of His6-SUMO-Httex1-43Q with lipid vesicles 

Experiments were performed by incubating ThT with the fusion protein, ULP1 and DTT and further adding 

LUVs composed of 75:25 POPS:POPC. The main goal was to evaluate the impact of anionic lipid 

membranes in Httex-43Q fibrillation. 

Initially, the assays were carried out with 5 µM of His6-SUMO-Httex1-43Q fusion protein and different 

concentrations of LUVs, namely 25 µM, 50 µM, and 100 µM. ULP1 was also added during the preparation 

of the ThT fluorescence assay, initiating the cleavage of the His6-SUMO tag. To better evaluate the 

Httex1-43Q fibrillation, we extended the assay for 21 hours.   

Figure 3.7-A shows the corrected fluorescence intensity values for the respective control. For the samples 

with only protein, the ThT fluorescence intensities in buffer were subtracted and for the samples with lipid 

the values for ThT with LUVs were discounted. Figure 3.7-B shows the values of the control conditions 

alone. 

First, all tested conditions show fluorescence values above the simple control condition (ThT only in 

solution), and as expected ThT fluorescence in buffer was also constant throughout the experiment 

(around 2000 intensity) (Figure 3.7-B). The controls containing ThT and 25 or 50 µM of LUVs show 

constant values that are similar to the ThT intensity in buffer (around 2000, Figure 3.7-B). For the control 

with 100 µM of LUVs slightly higher values of ThT fluorescence intensity were recorded (around 2500, 

Figure 3.7-B). This is important because it allows us to conclude that ThT does not bind to LUVs in a 

significant manner, so essentially the ThT fluorescence signal can be attributed to the formation of 

amyloid fibers. It is important to note that these controls are not usually presented in the literature.  
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Figure 3.7: ThT fluorescence assays for 5 µM Httex1-43Q with anionic lipid vesicles. (A) ThT 

fluorescence intensities obtained with 5 µM of His6-SUMO-Httex1-43Q fusion protein without ULP1 

(without tag-cleavage); or with ULP1 (for tag-cleavage) in solution and in the presence of 25 μM, 50 μM or 

100 μM LUVs 25:75 POPC:POPS. The data were corrected by subtracting the corresponding averaged 

control intensity. (B) Control conditions for the ThT fluorescence assays. The controls consist of ThT in 

buffer (ThT), and ThT with 25 μM, 50 μM or 100 μM of LUVs. (C) Bar graph illustrating the maximum 

fluorescence intensity at the end of the ThT assay for the experimental conditions represented in (A).  

 

The conditions of Httex1-43Q with no lipid are similar to the previous results: His6-SUMO-Httex1-43Q 

fusion protein with or without ULP1 still aggregated. The aggregation of His6-SUMO-Httex1-43Q cannot be 

fully stopped, but its kinetic profile is slower and delayed when compared to the sample where the tag was 

removed. Only after 10 hours, the ThT fluorescence for the fusion protein started to increase. At the end 

of the experiment, the ThT fluorescence with the fusion protein was still increasing and showing no signs 

(A) (B) 

(C) 
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of reaching a plateau. For the fusion protein incubated with ULP1, the increase in ThT fluorescence 

occurred much faster (after only 2 hours), however it did not reach a plateau either.  

ThT fluorescence intensities obtained with 5 µM of His6-SUMO-Httex1-43Q fusion protein with ULP1 and 

LUVs show a similar pattern to the His6-SUMO-Httex1-43Q with ULP1 and without the LUVs. Despite the 

slow aggregation kinetics, it is possible to infer from the experimental data obtained with Httex1-43Q and 

LUVs that anionic lipid membranes affect Httex1-43Q aggregation.  

Testing higher concentrations of His6-SUMO-Httex1-43Q will allow us to further explore this effect. For the 

three lipid concentrations explored here (25, 50, and 100 µM of LUVs), fluorescence values were above 

control levels and also above Httex1-43Q in solution (both cleaved and non-cleaved). There also seems to 

be a direct effect of lipid concentration on aggregation, as higher lipid concentrations show higher 

fluorescence intensity values.  

Figure 3.7-C compares the maximum fluorescence intensity between the different experimental conditions 

at the end of the experiment. These ThT fluorescence values increased with the lipid concentration in the 

assay. The maximum registered fluorescence values are as following: 5399 for 25 µM of LUVs, 6056 for 

50 µM of LUVs, and finally 6441 for 100 µM of LUVs. Also, for Httex1-43Q without lipids, the following 

maximum fluorescence values were registered: 3867 for His6-SUMO-Httex1-43Q, and 5342 for tag-free 

Httex1-43Q. 

We next explored a high concentration of His6-SUMO-Httex1-43Q fusion protein. Specifically, we applied 

the same strategy as before. ThT fluorescence assays were carried out with 10 µM of His6-SUMO-Httex1-

43Q fusion protein without ULP1; and also with ULP1 in solution and different LUV concentrations (50 μM, 

100 μM, and 200 μM). The results of the assay are shown in Figure 3.8. We note that our control 

experiments show similar trends to the previous assay. ThT fluorescence in buffer is constant over time 

and with LUVs it slightly increased (but is not significant comparing with samples with protein). 

Figure 3.8-A shows that the aggregation of the fusion protein (without ULP1) still occurred but with a 

slower kinetics; the fluorescence intensities remined constant in the first 8 hours and then increased, but a 

plateau was not reached in our experiment. This indicates that it is likely that even with solubilizing tags, 

the Httex1-43Q fragment is still prone to fibril formation and that the tag only delays the process. When 

the fusion protein’s tag was cleaved from the protein (by addition of ULP1), the lag phase was much 

shorter and after approximately 1 hour the fluorescence started increasing in an exponential manner. A 

plateau of fluorescence was reached at about 14 hours after starting the experiment (11 100 intensity). 

This reveals that the removal of the solubilizing tag has a significant effect on the Httex1-43Q fibrillation, 

as expected. 
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Figure 3.8: ThT fluorescence assays for 10 µM Httex1-43Q with anionic lipid vesicles. (A) ThT 

fluorescence intensities obtained with 10 µM of His6-SUMO-Httex1-43Q fusion protein without ULP1 

(without tag-cleavage); or with ULP1 (for tag-cleavage) in solution and in the presence of 50 μM, 100 μM 

or 200 μM LUVs 25:75 POPC:POPS. The data were corrected by subtracting the corresponding averaged 

control intensity. (B) Control conditions for the ThT fluorescence assays. The controls consist of ThT in 

buffer (ThT), and ThT with 50 μM, 100 μM or 200 μM of LUVs. (C) Bar graph illustrating the maximum 

fluorescence intensity at the end of the ThT assay for the experimental conditions represented in (A). 

 

The graphs also illustrate the significant effect of lipid membranes on the aggregation of Httex1-43Q. It is 

seen in Figure 3.8-C that the difference of maximum fluorescence between those conditions and the 

conditions containing only Httex1-43Q and ThT (and ULP1 and DTT) are significant, with a difference of 

about 5500 between the Httex1-43Q with LUV and cleaved Httex1-43Q. 

The aggregation kinetics of Httex1-43Q in the presence of lipid membranes were faster than in solution 

(Figure 3.8-A). They also show a typical sigmoid curve profile associated with amyloid fibril formation. For 

(A) (B) 

(C) 
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100 μM and 200 μM lipid, ThT fluorescence reached a plateau phase at 4 hours, and for 50 μM of lipid 

only seems to approach a plateau at 12 hours.  

In addition, our data supports that the extension of Httex1-43Q fibrillation was higher in the presence of 

anionic lipid membranes than in solution, since the ThT fluorescence intensities at the plateau were higher 

for samples with lipid (Figure 3.8-C). Considering that all samples contain the same protein concentration 

and only the lipid concentration was altered, we can conclude that anionic lipids have a high impact in 

Httex1-43Q aggregation. 

3.5. Discussion 

HD is a fatal and inherited neurodegenerative disease caused by the pathological expansion of the polyQ 

tract (above 37Q) within exon-1 of Htt protein [27]. Several evidence supports that biological membranes 

promote Httex1 aggregation and simultaneously these aggregates also cause membrane disruption and 

permeabilization, resulting in organelle dysfunction [77].  

In addition, the physical and chemical properties of lipids heavily influence its membrane interaction and 

mechanism of aggregation [17], [67]. Ultimately, the rearrangement of these toxic fragments that promote 

aggregation in vivo can also lead to deposition within tissues and cellular organelles.  

The detailed description of the molecular mechanism of Httex1 aggregation is crucial for understanding its 

pathological contribution for HD and may lead to the development of new strategies for HD treatment. 

Early studies relied on the use of synthetic polyQ peptides (with extra lysine residues) for solubilization. 

However, recent studies support that both flanking polyQ regions – Nt17 and PDR – modulate Httex1 

aggregation in solution or in the presence of lipid membranes [45], [71], [78], [79].  

Therefore, it is crucial to perform Httex1 aggregation assays in the context of the full-length fragment. 

More recently, several labs have developed ThT fluorescence assays with Httex1 fusion constructs (for 

solubilization) and performing only the tag-cleavage during the experiment [17]. However, their inter-

comparison is highly challenging due to the use of distinct fusion constructs and proteases. Some data 

lack confirmation that Httex1 is in a monomeric state at beginning of these assays and the kinetics of tag-

cleavage does not impact or delay Httex1 fibrillation. 

The expression/purification and aggregation studies of Httex1 are extremely challenging due to its 

hydrophobic, intrinsically disordered, and aggregation-prone nature [7]. Therefore, several strategies have 

been developed for the recombinant expression in E.coli. They include the use of solubilizing-fusion tags, 

such as Glutathione S-Transferase (GST), Maltose Binding Protein (MBP), Thioredoxin [61].  

In this thesis, we used a SUMO-fusion strategy that generates native tag-free Httex1 without extra amino 

acid residues after cleavage with ULP1 protease. Specifically, we focused on Httex-37Q and Httex-43Q 

variants and their fibrillation were evaluated by ThT fluorescence assays. 
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Production of tag-free Httex-37Q and ThT fluorescence assays  

We initially optimized a strategy for obtaining tag-free Httex1-37Q. This variant was chosen because its 

polyQ-length is located at the threshold for pathological aggregation [27]. The plasmid was previously 

cloned in the lab and the expression and purification procedures were optimized in this thesis. An 

optimized protocol that comprises only IMACs and avoid concentration of tag-free protein in Amicons/or 

SECs was developed.  

ThT fluorescence assays for evaluating aggregation of tag-free Httex1-37Q in solution were then 

performed. Briefly, the ThT fluorescence intensities with tag-free protein were constant throughout the 

duration of the assay (~16 hours) and always above the control condition (ThT only in buffer). There was 

no sigmoid curve or fluorescence increase observed. Moreover, the ThT fluorescence increased with the 

total protein concentration in the assay.  

Together, these results suggest that fibril formation occurred before starting the assay and further 

aggregation did not occur. Furthermore, measuring the fluorescence of the sample at different times after 

the experiment and obtaining the same values of fluorescence intensity further solidifies this hypothesis. 

As described in literature, the native structure of Httex1 fragments and their physicochemical properties 

make them intrinsically disordered and highly unstable [46], [80] and thus are highly prone to aggregate. 

These results are not usually obtained in literature, as researchers work with fusion proteins and 

proteases that cleave the solubilizing tag are used during fluorescence assays. In this thesis we attempted 

working with tag-free Httex1-37Q protein to eliminate the influence of the tag.  

Production of Httex1-43Q fusion protein and ThT fluorescence assays  

Httex1-43Q was purified as a fusion construct containing at the N-terminal a His6-SUMO tag. Httex1-43Q 

comprises 43 glutamine residues within the polyQ region, making it an unstable protein and prone to 

aggregation and fibrillation. This specific variant was chosen because it is within a range considered a 

mutant protein that causes HD. 

We decided to work with this protein as a fusion protein. The tag was not cleaved at any point during the 

purification. Only during the preparation of the ThT fluorescence assays, we added ULP1 to the wells to 

promote the tag-cleavage. It allows keeping the protein more stable and prevents its premature 

aggregation throughout the purification process. This tag-cleave during the ThT fluorescence assay 

should have minor effects in the aggregation kinetics, because ULP1 is extremely effective and fast at 

cleaving the His6-SUMO tag. This suggests that in little time, there is a high concentration of free 

monomer to associate and begin the fibril formation process.   

However, we note that different laboratories used different solubilization tags and consequently different 

proteases. This introduces a level of variability among laboratories that makes data comparison more 

challenging.  
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Several studies have also shown the importance of the flanking regions for both aggregation and lipid 

interactions. More specifically, Nt17’s domain is responsible for membrane anchoring [70, p. 17], [81].  

The choice to include lipids in this project comes from Httex1 fragment interacting with lipid membranes in 

vivo, and that these lipid membranes potentiate the aggregation and fibrillation process [18]. TBLE 

bilayers is a common model for membranes, especially because it is of biological origin, but its 

composition is complex, and it is difficult to evaluate the effect of individual lipids. In this thesis, we 

evaluated the impact of anionic lipid membranes by using LUVs composed of a mixture of zwitterionic 

lipids (POPC) and anionic (POPS) lipids.  

ThT fluorescence assays were performed with two different concentrations of His6-SUMO-Httex1-43Q (5 

and 10 µM) in conjunction with distinct concentrations of LUVs. When very low concentrations of protein 

were evaluated (5 µM, Figure 3.7), the aggregation kinetics occurred slowly throughout the 21 hours of 

ThT fluorescence assay. None of the experimental conditions had shown signs of approaching a well-

defined plateau, even when incubated with LUVs.  

For a concentration of 10 µM (Figure 3.8), a sigmoid curve profile can be observed for most conditions. 

The results obtained from the experiments show that anionic lipids promoted a faster aggregation rate for 

Httex1-43Q fibrils and that this happens in a concentration dependent manner. The aggregation kinetics is 

much faster when compared to the 5 µM of Httex1-43Q condition, because a plateau was reached for all 

the conditions containing LUVs. In addition, the extension of fibrillation was higher in the presence of 

anionic LUVs than in solution.  

While this data alone collected by fluorescence spectroscopy solidifies the idea that aggregation of mutant 

huntingtin follows a sigmoid curve model already backed by literature, there is nothing to be concluded 

about the morphology of the amyloid fibrils. ThT aggregation assay allows for the quantitative detection of 

amyloid fibers over time, but structural data would only be obtained by imaging techniques such as AFM 

and TEM [17], [18].  
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CHAPTER 4 

CONCLUSION 

  



46 
 

 
 

  



47 
 

4. Conclusion 

Amyloidogenic intrinsically disordered proteins are exceptionally susceptible to degradation and 

aggregation, and thus extremely difficult to purify and work with. Previous research relied on the use of 

synthetic polyQs to study the effects of aggregation, but recently the importance of the flanking polyQ 

domains of Httex1 has been highlighted. This requires techniques that are efficient in expressing and 

producing this fragment to obtain information that is closer to the in vivo models. To accomplish this, 

studies have fused the Httex1 fragment to solubilize protein tags. However, these methods have some 

debilitating disadvantages: (i) cleavage may introduce new amino acids, (ii) due to the tags’ large size 

monitoring small changes becomes complicated, and (iii) the presence of the tags might alter the 

aggregation properties.  

The first two problems have not been observed with the use of SUMO tag. While ULP1 is required to 

cleave the tag from the Httex1-37Q fragment, the results also show that the enzyme is very efficient in 

doing so and it leaves most of the sample containing tag-free Httex1 fragments. 

Furthermore, the influence of anionic lipids was evaluated in this project using fusion protein His6-SUMO-

Httex1-43Q. As literature has suggested, lipid membranes influence Httex1 aggregation and fibrillation 

mechanisms by potentiating the process [17], [69], [71]. Such phenomenon has also been observed in the 

results of this project for the full-length Httex1 fragment, where we see that Httex1 aggregates faster and 

shows higher fluorescence intensity in the presence of LUVs in a concentration-dependent manner. 

4.1. Further Studies 

Future studies should include the characterization of Httex1-37Q fibrillation by ThT fluorescence assays 

using a fusion construct as applied here to Httex1-43Q variant. Moreover, having established that anionic 

lipid membranes play a very important role in the aggregation process of Httex1-43Q, the next steps 

would be to further investigate more complex lipid compositions with co-existing of phase separation. The 

amyloid fibers should also be characterized morphologically by Atomic Force Microscopy (AFM) and 

Transmission Electron Microscopy (TEM). 

To follow early steps of aggregation and not only detect amyloid fibrils as ThT reports, Httex1 could be 

engineered for introducing a cysteine and then site-specifically labeled with a thiol-reactive fluorophore 

(such as Atto 488 or Alexa 488) to perform anisotropy measurements. Moreover, site-specific labeling at 

each flanking polyQ domain could provide information of the role of each region in the Httex1 aggregation. 
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