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Resumo 

A doença de Huntington (HD) é uma desordem neurodegenerativa grave, autossómica domi-

nante e progressiva. A HD é causada por uma expansão de poliglutaminas (poliQ) no primeiro exão da 

proteína huntingtina (HTT). O fragmento HTT do exão 1 (Httex1) com uma expansão de poliQ é alta-

mente tóxico e forma agregados/corpos de inclusão em células neurais, replicando grande parte da 

patologia da HD. As membranas biológicas desempenham um papel crítico na agregação e toxicidade 

do Httex1. Neste trabalho, a interação do Httex1-23Q com vesículas unilamelares grandes (LUVs) de 

diferentes composições lipídicas (com lípidos zwitteriónicos, misturas de “rafts” lipídicas e lípidos anió-

nicos) foi analisada por fluorescência do Acrylodan e Atto 488. Cada região adjacente ao domínio poliQ 

– N-terminal Nt17 e C-terminal região rica em prolinas (PPR) – foi marcada de forma específica com 

fluoróforos reativos a tiol. Os resultados com Acrylodan mostram que o Httex1 se liga de forma similar 

a vesículas lipídicas zwitteriónicas e misturas de “rafts” lipídicas (componente hidrofóbico). Além disso, 

o segmento N-terminal Nt17 interage com as membranas lipídicas e o C-terminal PRR permanece ex-

posto ao solvente no estado ligado à membrana. Finalmente, os decaimentos de anisotropia de fluo-

rescência do Atto 488 ligado ao Nt17 ou ao PRR também revelam que estes domínios experimentam 

dinâmicas diferentes após a ligação à membrana. O PRR é altamente flexível (semelhante a uma pro-

teína intrinsecamente desordenada) e o Nt17 adota um estado menos flexível ao ligar-se a membranas 

lipídicas aniónicas. 

 

 

Palavras-chave: Doença de Huntington; Exão-1 da huntingtina; Membranas Lipídicas; Espectroscopia 

de Fluorescência
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Abstract 

Huntington’s disease (HD) is a severe, autosomal dominant and progressive neurodegenerative 

disorder. HD is caused by a polyglutamine (polyQ) expansion within the first exon of the huntingtin (HTT) 

protein. The HTT exon 1 (Httex1) fragment with a polyQ expansion is highly toxic and forms aggre-

gates/inclusion bodies in neural cells, replicating much of HD’s pathology. Biological membranes play a 

critical role in Httex1 aggregation and toxicity. In this work, the interaction of Httex1-23Q with large 

unilamellar vesicles (LUVs) of different lipid compositions (with pure zwitterionic lipids, raft-mimicking 

mixtures, and anionic lipids) was analyzed by Acrylodan and Atto 488 fluorescence. Each flanking polyQ 

region – N-terminal Nt17 and C-terminal proline-rich region (PPR) – was site-specifically labeled with 

these thiol-reactive fluorophores. The Acrylodan results show that the Httex1 binds in a similar extension 

to zwitterionic and raft-mimicking lipid vesicles (hydrophobic component). Moreover, the N-terminal Nt17 

segment interfaces lipid membranes and the C-terminal PRR remains solvent exposed in the mem-

brane-bound state. Finally, fluorescence anisotropy decays of Atto 488 attached to Nt17 or PRR also 

reveal that these domains experience different dynamics upon membrane-binding. The PRR is highly 

flexible (as an IDP) and the Nt17 adopts a less flexible state upon binding to anionic lipid membranes.  

 

 

Keywords: Huntington’s disease; Huntingtin exon 1; Lipid Membranes; Fluorescence Spectroscopy
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1.1 General overview of Huntington's disease 

Huntington’s disease (HD) is a severe autosomal dominant progressive neurodegenerative dis-

ease [1]. HD is caused by a pathological expansion of the CAG trinucleotide repeat, and consequently 

it belongs to the group of polyglutamine (polyQ) diseases [1]. In this particular case, the CAG repeat 

expansions occur in the exon 1 of the HTT gene (IT15 gene) located on the short arm of chromosome 

4 (4p16.3) [2]. This disorder is rare, inherited and without available cure [1], [3], with an estimated world-

wide-prevalence of 5.5-15 in 100,000 persons [3], [4]. 

In healthy individuals, the CAG trinucleotide expansion contains less than 35 CAG repeats. In 

the range of 36 to 39 CAG repeats, the onset of HD only happens at a late stage in life and an individual 

may not even develop any symptoms during the course of its life [5]. Individuals with a CAG repeat 

length of 40 or greater develop HD (assuming a normal life span) [5]. The CAG repeat length is strongly 

correlated with the severity and the disease onset. With very large CAG expansions (more than 60), the 

onset could occur below the age of 20. This is known as juvenile HD and accounts for about 7% of HD 

cases [6]. 

The first known description of HD was only given in 1841 by the American physician Dr. Charles 

Oscar Waters. Dr. Waters wrote a letter describing a syndrome likely to be HD, where he noticed the 

combination of both motor and cognitive decline, and also its hereditary nature [7]. HD was described 

in further detail in 1872 by Dr. George Huntington, when he published a report in The Medical and 

Surgical Reporter titled "On Chorea" [8]. In this report, Dr. Huntington described the hereditary nature, 

the early death, the start in adult life, the progression of the incapacity, the link between chorea and 

dementia, the inappropriate and uninhibited behavior, the recurrent suicides and the absence of treat-

ment [7]. Remarkably, almost a century later, in 1955, the Venezuelan physician Dr. Americo Negrette 

published a book describing communities in the Venezuelan village of San Luis with high prevalence of 

HD (700 per 100,000 persons). This discovery led to a strong interest in HD and the formation of The 

Venezuela Huntington's Disease Project, establishing a network of social support and the subsequent 

discovery of the linkage of HD to the HTT gene in chromosome 4 [7]. 

Like other neurodegenerative diseases, HD displays some of the typical symptoms, which 

evolve and progress over time. In an early stage of the disorder, some manifestations include changes 

in personality and cognition, in which mood swings, irritability and depression can occur. Afterwards, the 

symptoms progress to the appearance of chorea, which is a movement disorder, causing abnormal, 

involuntary and non-repetitive movements [9]. Chorea is characterized by irregular contractions that 

appear to flow from one muscle to the next, and is caused by an overactivity of dopamine in the areas 

of the brain that are responsible for movement [9]. Overtime, the symptoms become more severe and 

voluntary activity becomes increasingly difficult. Outbursts of aggressive behaviors and social disinhibi-

tion are also frequent in later stages of the disease. 

 

1.1.1 Huntington’s disease diagnosis and symptoms 

The diagnosis of HD is based on the individual's family history or on the genetic tests for the 

detection of the CAG repeat expansion in the HTT gene [5], [10]. Tests for the onset of motor disturbance 

could also be performed using a calculated score defined by the Unified HD Rating Scale. This scale 
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includes motor, cognitive, behavioral, emotional, and functional components, in which all are considered 

with a subscale of diagnostic confidence. This score ranges from 0 (no motor abnormalities suggestive 

of HD) to 4 (≥99% to be due to HD), with a score of 4 to be a manifestation of HD [10]. 

Most symptoms of HD become noticeable between the ages of 30 and 50 years, but they can 

begin earlier in juvenile HD [11]. In about half of the HD cases, the psychiatric symptoms appear first. 

Their progression is often divided into three stages: early, middle, and late stages. In the first, there are 

subtle personality changes, problems in cognition, irritability, and mood swings, all of which can be 

overlooked at first glance. The motor symptoms usually evolve in the middle stage, but the onset, pro-

gression and extent of the cognitive and behavioral symptoms vary significantly between individuals 

[11]. During the middle stage, it appears involuntary and inability to control speed and force of move-

ments, chorea (jerky, random movements), equilibrium problems, slow reaction time, weight loss, 

speech difficulties and stubbornness [5]. All these symptoms are progressive and worsen over time, 

eventually leading to a complete dependency of the HD patient to constant care in the later stage. During 

this stage, there is rigidity in the body, severe chorea, significant weight loss, inability to walk, speak and 

difficulties in swallowing [5]. In juvenile HD, the symptoms usually progress at a faster rate with a greater 

cognitive decline, but chorea is usually not exhibited [12]. 

In addition, as the cognitive abilities are continuously degrading, this usually leads to dementia. 

This is mainly due to the effect of the mutant huntingtin (mHTT) in the neural cells, causing problems in 

memory, thinking and neural functions in general [1]. Overall, HD has a significant impact on patients 

and families, imposing significant physical, emotional, and financial burdens. People with HD often need 

extensive support for daily activities and may end up having to move to permanent healthcare facilities. 

Since HD has a genetic basis, it poses moral questions for affected individuals and their relatives: ge-

netic testing can detect the presence of the disease, triggering concerns about matters like reproductive 

decisions and insurance bias. 

 

1.2 The huntingtin protein 

Huntingtin (HTT) is found in many of the body’s tissues but it is mainly expressed in the brain 

cortex (the cerebellar cortex, the neocortex, the hippocampal formation, and the striatum), more specif-

ically in the cytoplasm of neurons [13], [14]. The HTT protein is coded by the HTT gene, and its precise 

function is currently unknown. However, recent studies support the idea that the HTT protein can func-

tion as a molecular "hub", meaning that the protein binds to different proteins into complexes or it pro-

motes their dissociation, providing a vital control of distinct cellular processes [1]. Specifically, HTT is 

mainly associated with cellular membranes, contributing to the dynamics of the vesicular transport, syn-

aptic transmission and regulation of autophagy and embryogenesis [1], [15]. Moreover, HTT likely plays 

a critical role in the development and formation of the central nervous system (CNS) by inhibiting apop-

tosis. In mice, the depletion of HTT results in embryonic lethality, and a 50% reduction in its expression 

levels leads to abnormal brain development [16], [17]. Further studies suggest that HTT's anti-apoptotic 

function seems to be linked to its ability to sequester pro-apoptotic proteins and/or inhibit specific caspa-

ses [18], [19]. 
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HTT is a soluble, mostly cytoplasmic, and a large multidomain protein with a molecular weight 

of 350 kDa (more than 3000 amino acids) [11]. The Nt17 domain is located in the N-terminal region of 

the HTT protein. This domain is composed of 17 amino acids (mostly conserved between vertebrates) 

and forms an amphipathic α-helix upon interaction with lipid membranes [15], [20]. It functions as a 

cytoplasmic retention signal and is subject to several post-translational modifications (PTMs) [21]. Fol-

lowing this domain, the polyglutamine (polyQ) stretch contains the sequence of the CAG trinucleotide 

repetitions, whose length in mHTT is highly related to the severity and the HD onset. The proline-rich 

region (PRR) follows the polyQ domain. The PRR is only present in mammals, which suggests that is 

very recent in terms of evolution of the HTT protein [22]. Even though this domain seems to be important 

for mediating protein-protein interactions (since it is critical for interactions with proteins that contain 

tryptophan or SH3 domains [23]), it is highly variable between individuals and its deletion had no severe 

effect on mouses [15], [24]. In the C-terminal location of HTT, a nuclear export signal has also been 

identified [21]. 

In the mutant form, mHTT is thought to be toxic due to a gain-of-function mutation, which confers 

to it an enhanced probability of the protein to aggregate. mHTT is more prone to cleavage and to aber-

rant splicing, that create shorter fragments that can aggregate and form inclusion bodies in the cyto-

plasm, interfering with the normal cellular function. In brains, N-terminal fragments of mHTT has been 

found post-mortem, suggesting that this region is a key step in the development of HD [18], [25], [26]. 

Until recently, few structural data were available for the full-length HTT. In a recent study, Qiang 

Guo et al. [27] obtained the HTT17Q (with a polyQ extension of 17 glutamines) structure in complex 

with the HTT-associated protein 40 (HAP40) protein with an overall resolution of 4 Å by cryo-electron 

microscopy (Cryo-EM). HAP40 was used to stabilize the HTT structure, and tightly binds to HTT in a 

cleft formed by two larger domains rich in HEAT repeats [27], [28]. The HTT protein used to determine 

the structure in the previous article was co-expressed in B1.21 human cells (B1.21-HAP40TS) with the 

HAP40 protein. Remarkably, this work revealed that HTT protein has three major domains: the N- and 

C-terminal domains containing multiple HEAT repeats – huntingtin, elongation factor 3, protein phos-

phatase 2A and lipid kinase TOR (N-HEAT and C-HEAT, respectively); and a small bridge domain link-

ing both N-and C-HEAT. However, in this work, some segments of HTT were still left unresolved, 

including the N-terminal that contains the Huntingtin exon 1 (Httex1). It appears that the disordered 

regions are mostly accessible to protease action and to PTMs that might modulate protein-protein inter-

actions [27]. 

HEAT repeats are protein tandem repeats forming a structural motif composed of two α-helixes. 

They are usually involved in intracellular transport and regulation, but their function can be highly varia-

ble. The HEAT repeat domains may function as scaffold for numerous protein complexes, mediating 

inter- and intra-molecular interactions [15]. 

The N-HEAT (residues 91-1,684) contains 21 HEAT repeats in a typical α-solenoid structure, 

adopting a one-and-a-half-turn right-handed superhelix [27]. The highly toxic Httex1 fragment is located 

in this domain. The C-HEAT (residues 2,092-3,098) includes 12 HEAT repeats arranged in an elliptical 

ring. Besides the flexible linkage of the bridge connecting both the N-HEAT and the C-HEAT domains, 

there is a weak loop interactions between these two domains which might explain the highly dynamic 
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structure of HTT in the absence of a binding partner (such as HAP40) [27]. Figure 1.1 shows the Cryo-

EM structure of the HTT-HAP40 complex. 

 

 

Figure 1.1 – The CryoEM structure of the HTT–HAP40 complex. (A-D) Different views of the HTT–HAP40 complex. 

The density map filtered to local resolution is illustrated as a translucent surface. The ribbon representation is color-

coded by domain: HTT N-HEAT domain-blue; HTT bridge domain-yellow; HTT C-HEAT-maroon; and finally, 

HAP40-purple. (e) Representation of the domain organization of both HTT and HAP40 proteins forming the com-

plex. Reproduced from [27]. 

 

1.2.1 HTT interaction with other proteins 

HTT shows some sequence homology with other proteins and is expressed ubiquitously in all 

tissues, but with high levels in the central nervous system. HTT is located in the nuclei, cell bodies, 

dendrites and nerve terminals [23]. In addition, HTT interacts with distinct proteins that control vesicle 

( )

(B)( )

(D)

( )
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trafficking and cytoskeletal anchoring, clathrin-mediated endocytosis, neuronal transport, postsynaptic 

signaling, anti-apoptosis stress and neuronal gene transcription regulation [23], [29]. 

The 14-3-3 proteins are a family of highly conserved regulatory molecules that are expressed 

in eukaryotic cells and control the actions of other proteins participating in the cell cycle regulation, 

transcriptional control, signal transduction, intracellular trafficking, ion-channel regulation, and apoptosis 

[30]. Their role is not exactly understood but they seem to modulate the subcellular localization of pro-

teins and function as adaptor molecules, accelerating interactions between kinases, receptors, enzymes 

and cytoskeletal proteins. These proteins are highly expressed in brain cells, and the expression 

changes depending on their isoforms, cell types and the region in which they were expressed [30]. In 

the study of Omi et al. [30], it was revealed that the aggregate formation of the Httex1 that contains an 

expansion of polyQ was dependent on the correct expression of 14-3-3zeta, since the suppression (by 

a small interfering ribonucleic acid (siRNA)) of the expression of these proteins completely abolished 

the formation of mHTT large inclusion bodies [30]. Figure 1.2 shows HTT domains and sequence com-

parison for different species, in addition of examples of HTT interactions with other partners. 

 

 

Figure 1.2 – HTT domains and sequence comparison across different species. (A) HTT contains a glutamine/pro-

line-rich region at the N terminus and (C) ten HEAT repeats clustered in three domains in the N-terminal half of the 

protein. (B) Examples for HTT interaction partners identified for the glutamine/proline-rich region at the N terminus 

and the first cluster of HEAT repeats are listed. Amino-acid-sequence comparison of HTT between different species 

(human 454415, pig 4126796, mouse 1708161, rat 1708162, zebrafish 2981138 and pufferfish 804981) shows that 

(A) the glutamine/proline-rich region at the N terminus is only partially conserved, whereas (B) the HEAT repeats 

are highly conserved. Reproduced from [23]. 

 



8 
 

1.3 Httex1 

The first exon of the HTT is usually called by Httex1. Httex1 is the most studied part of the HTT 

protein. This fragment is usually generated either by an aberrant splicing event in which the mRNA 

transcript originated from HTT gene is involved, or by the proteolysis of the full-length HTT. Figure 1.3 

contains a schematic illustration of the expression of HTT and the formation of Httex1. 

 

 

Figure 1.3 – HTT expression and origin of Httex1. (1) The HTT gene is expressed normally and a full-length HTT 

mRNA is generated and (3) it is translated into a full-length HTT protein. (2) An aberrant splicing event generates 

a mRNA that encodes for just the Httex1, (4) which is then translated to a HTT fragment, Httex1. (5) The full-length 

HTT can suffer proteolytic cleavage in specific sequences (indicated by arrows) originating HTT fragments, includ-

ing Httex1. Reproduced from [31]. 

 

Httex1 comprises three major domains: the N-terminal 17 amino acid domain (Nt17 segment), 

the polyQ tract, and finally the C-terminal PRR. All of these domains are highly disordered in solution 

and are able to modulate the misfolding, oligomerization and fibrillation of both Httex1 and the full-length 

protein [27]. 

The Nt17 domain (Figure 1.4) undergoes several PTMs, such as phosphorylation (3, 13 and 16 

residues), acetylation and ubiquitination in HD brains [32]. Moreover, the α-helical content seems to 

increase with the polyQ extension, that afterwards can form β-sheet-rich fibrils by self-assembly of 
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different Httex1 monomers [33]. Some studies also suggest that Nt17 domain plays a critical role in HTT 

aggregation and interactions with binding partners, subcellular location and toxicity [32], [34]. Figure 1.4 

shows a schematic of the HTT and the Httex1. 

 

 

Figure 1.4 – Schematic representation of the HTT protein, Httex1 and the Nt17 domain. (A) The full-length HTT 

protein with the HEAT repeat sites. (B) The amino acid sequence of the Httex1, showing the Nt17 domain (green), 

the polyQ domain (purple) and the PRR (grey). (C) A theoretical 3D structure of the Nt17 segment, showing the 

hydrophilic (red) and hydrophobic (blue) faces of the amphipathic α-helix. (D) View from down the barrel of the α-

helix, with the hydrophobicity of each residue highlighted, and the site of reported PTMs. Reproduced from [20]. 

 

Previous studies found that the overexpression of N-terminal fragments of HTT, is enough to 

induce many of HD features in mice [24], suggesting that these fragments are critical to the development 

of the disease and its pathogenicity. The Nt17 domain also includes a functional nuclear export signal 

(NES) that may regulate the cellular localization and trafficking of HTT. Abnormal expansion of the polyQ 

or specific mutations within the Nt17 domain results in HTT accumulation within the nucleus and is a 

source of cytotoxicity. Although the polyQ-flanking regions are highly conserved throughout mammalian 

evolution, they do not appear to be necessary for the normal function of HTT. Rather, the flanking re-

gions may have co-evolved with polyQ stretches to modulate their pathogenicity, as indicated by their 

significant involvement in the aggregation toxicity of mutant HTT [18]. The PRR domain contains a pol-

yproline II (PPII) helix which is a relatively rigid structure that may be important in stabilizing the structure 

of the polyQ domain [15], [35].  

The expanded polyQ domain is responsible for the formation and the deposition of intranuclear 

and cytoplasmic inclusion bodies formed by fibrillar HTT aggregates. After the discovery of this 
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phenotype and disease features, it was hypothesized that the formation of the inclusion bodies was the 

main cause observed in the HD pathology [36]. However, recent studies have challenged this hypothe-

sis, demonstrating that the inclusion bodies might be either a protective, while the smaller and more 

diffuse aggregates may represent the toxic entities [15], [37]–[39]. Figure 1.5 displays a summarized 

schematic of the aggregate’s formation process. 

 

 

Figure 1.5 – General overview of the protein aggregation progress. Folded monomers can aggregate by its unfolded 

or misfolded monomer structure. Folded monomers can also aggregate from native-like conformations, skipping 

the unfolded step. The association between several monomers leads to the formation of oligomeric species with 

low molecular weight. The continuous addition of oligomers can happen in a structured manner, leading to the 

formation of protofibrils and mature fibrils. The precipitation of monomers or oligomers leads to the formation of 

amorphous aggregates, resulting in protein inclusion bodies. Reproduced from [40]. 
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1.4 Httex1 interaction with lipids 

HTT is involved in orienting miotic spindles during cell division [41], transporting vesicles along 

the microtubules [42], and association with lipid membranes from the endoplasmic reticulum (ER) [43], 

[44] and nucleus [45]. The first domain of the Httex1 (the Nt17 domain) has been shown to adopt a 

highly conserved amphipathic α-helix upon membrane binding, showing its role in Httex1-lipid interaction 

[43]. In fact, the interaction and insertion of the HTT with membranes has been demonstrated to be 

polyQ dependent, supporting the hypothesis that the availability of the Nt17 domain may be essential 

for the modulation of Httex1-lipid interaction [37]. 

PTMs of HTT have been shown to modify its function and interaction with cellular membranes. 

In fact, the PTMs that appears to make a bigger difference in the HTT-lipid interaction, seems to be 

located in the Nt17 domain. One study showed that phosphomimetic mutations at serine 13 and serine 

16 reduced the fibril formation kinetics, but there was an accumulation of alternative aggregates [37], 

[46]. In this study, the intraventricular infusion of ganglioside GM1 induced the phosphorylation of the 

serine 13 and 16 at the Nt17 domain, attenuating the mHTT toxicity and restoring most of the motor 

function [46]. As another structural study has indicated, it appears that phosphorylation of the serines 

13 and 16 brings a change in the amphipathic α-helix, inhibiting it and as a consequence it alters the 

location of HTT in the cells [47], [48]. Figure 1.4 shows the sites in which PTMs have been reported to 

occur. 

Sumoylation modifications within Nt17 domain have been shown to alter the HTT location and 

the trafficking HTT to the nucleus. In addition, this PTM in the mHTT has also demonstrated increased 

the amount of the soluble diffuse aggregates and inclusion bodies, responsible for the greater toxicity in 

neural cells of HD Drosphila models [49], [50]. Another study showed that more specifically, when Rhes, 

a protein selectively localized in the striatum that increases sumoylation in transgenic mice, is overex-

pressed in mHTT knock-in striatal cell, the cell survival rate was reduced by 60% when compared to the 

effect with wild-type HTT, which suffered no effect [50], [51]. 

In a study by Kathleen A. Burke et al. [34], the authors demonstrated that the flanking sequences 

directly adjacent to the polyQ domain, such as the Nt17 domain and PRR, heavily influence the HTT 

aggregation. They employed atomic force microscopy (AFM), Langmuir trough techniques and vesicle 

permeability assays to directly monitor the membrane interaction of several synthetic polyQ peptides 

with different combinations of flanking regions (some with and/or without the Nt17 and the PRR). One 

of the main observations was that the polyQ peptides that lacked the Nt17 domain did not insert into 

lipid membranes and neither appreciably aggregate [34]. As noted by the authors, this is a great indicator 

that the polyQ domain alone is not enough to induce aggregation states and inclusion bodies. In this 

same study, they demonstrated that lipid membranes can stabilize specific aggregate structures of 

polyQ peptides that just contain the Nt17 domain [34]. This domain also seems to impact on the first 

glutamines of the polyQ domain to adopt an α-helix conformation, just like this conformation has been 

observed for the Nt17 domain. In addition, an increase in the α-helix content with longer polyQ domain-

lengths was detected by circular dichroism [33], [34]. The importance of the amphipathic α-helix domain 

has been shown to be a facilitator of the mechanisms of interaction between amyloid-forming proteins 
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and lipid membranes. Nevertheless, further clarification of the impact of polyQ expansion on the struc-

ture and stability of the Nt17 domain is still required [34]. 

The aggregation rate of the polyQ peptides studied in the previous study seems to be dependent 

on the flanking sequences. Additional support for the importance of the PRR region on the HTT aggre-

gation was also observed here, as different aggregation morphologies were shown between peptides 

with and without the PRR sequence, on the lipid bilayer. In addition, the PRR domain seems to have 

caused larger and amorphous aggregates to form on membranes when the Nt17 domain was present, 

which is an indicator that the PRR domain enhances the interaction between Httex1 and lipid mem-

branes. This is further confirmed by the appearance that the presence of the PRR domain softens the 

bilayer surface locally, probably due to the influence that the PRR sequence has on the conformation of 

the polyQ domain. This also explains the difference in the rates of fibril aggregation when it is or is not 

present, being slower when the PRR domain is present [52]. The presence of the PRR also seems to 

facilitate the ability of the Nt17 domain to associate specifically with the ER and the Golgi apparatus 

[34], [53]. In Figure 1.6 the impact of the flanking regions on the kinetics of mHTT aggregates is repre-

sented. 

 

 

Figure 1.6 – Flanking regions impact pathogenic mHTT aggregation propensity. (A) Summary model of how the 

Nt17 domain and PRR contribute to mHTT aggregation propensity. (B) The rate of accumulation of amyloid aggre-

gates for mHTT variants. Aggregates without the Nt17 domain (ΔN and ΔNΔP) aggregate much slowly than the 

ones with the Nt17 region (Ex1 and ΔP). Reproduced from [54]. 

 

The interaction between HTT and lipid membranes might be responsible for the observable 

aggregate pathogenesis present in HD. This can be because this interaction can stabilize and promote 

the formation of specific aggregate toxic species since anchoring to membranes may lead to high local 

concentration of peptides that facilitate such aggregation [34]. In that case, PTMs on the Nt17 domains 

that reduce the affinity of it to the lipid membranes, might alleviate the toxicity observed and be respon-

sible by the apparent diminutive pathogenesis [34], [47]. The flanking domains (PRR and Nt17) which 

are directly adjacent of the polyQ domain are then a potential target for therapeutical strategies which 

might help neutralize the toxicity of mHTT aggregates. However, more research is needed in order to 

reach that objective, including research in how the existence of different conformers mediate the 
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pathogenesis in HD and what is the role of different environmental factors on how they affect those 

conformers. Membrane elasticity directly influences membrane stability and an alteration to this property 

might lead to dysfunction of the cell and the consequent disease [34], [55], [56]. 

In the study by M. Tao, et al. [57] the authors hypothesized that, since the Nt17 domain is 

positive-charged due to the existence of three lysine residues and two glutamic acid residues, this pos-

itive net-charge would promote binding with negatively-charged membranes. The researchers tested 

this theory by using small unilamellar vesicles (SUVs) containing 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoserine (POPS) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) in a molar pro-

portion of 25:75. Their results indicated that electrostatic interactions did indeed modulate the binding 

events of Httex1 with lipid membranes since increasing amounts of the negatively-charged lipid POPS 

would strongly enhance membrane binding, but they also make a note that binding still occurred at lower 

extents with vesicles containing only the neutral-charged lipid POPC. 

 

 

Figure 1.7 – Schematic illustration of the interaction between Httex1 and lipid membranes. (A) The image depicts 

the interaction between Httex1-25Q and curved membranes. Different domains of the protein are color-coded: the 

PolyQ and PRD domains are brown and green, respectively. The Nt17 domain is blue with highlighted residues: 

cyan highlights indicate selected solvent-exposed residues (E5 and K9), red highlights represent selected mem-

brane-exposed residues (L4, L7, and L11), yellow highlights denote phosphorylation residues (S13 and S16), and 

magenta represents Q22. The ribbon representation shows the α-helical structure of residues 3-13. The transition 

region (14-22) is formed by the C-terminus of Nt17 and the N-terminus of the polyQ domain, while the remaining 

part of the protein (residues 23 onwards) is completely exposed to the solvent. (B) The diagram illustrates the 

preferential interaction of the N-terminal Httex1 helix (represented by a red circle) with curved membranes. Vesicles 

with positive membrane curvature exhibit greater defects in lipid packing in the head-group region, creating a more 

favorable environment for the helix to bind to the membranes. (C) The image demonstrates the membrane-medi-

ated aggregation of Httex1 with an extended polyQ region, represented by Httex1-46Q. Monomeric Httex1-46Q 

molecules collide with each other on the membrane, and the polyQ regions from different molecules come into 

contact, initiating the formation of intermolecular β-sheet structures. This process ultimately leads to the formation 

of fibrils and aggregates. The color code for the protein domains is the same as in (A). Reproduced from [57]. 
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Despite HTT having a prominent membrane location, there is still not much knowledge about 

the relationship of HTT with lipids and their role in HD. Some studies have shown a reduced cholesterol 

levels in numerous HD models, caused by a transcriptional deregulation of the cholesterol pathway [58]. 

Changes in the ganglioside GM1, which is found in membrane rafts and affects signaling pathways, 

have also been found and determined to alter the transcription of metabolic enzymes. 

 

1.5 Goals and experimental strategy 

The pathophysiological mechanism of HD remains unknown, but accumulated evidence sup-

ports that Httex1 binds to lipid membranes and aggregates at its surface, contributing for Httex1 cyto-

toxicity. However, the effects of the membrane physical properties in this interaction remain poorly 

under-stood. 

The specific aims of this project were:  

(i) to quantify the binding of Httex1-23Q to lipid vesicles with distinct compositions.  

(ii) to characterize the role of each flanking polyQ region – N-terminal Nt17 and C-terminal PRR 

– in the Httex1-lipid interaction. 

 

Tag-free Httex1-23Q was produced using a SUMO-fusion strategy. Several constructs were 

created: (i) Httex1-23Q-A2C or -A82C (probing Nt17 and PRR, respectively) labeled with Acrylodan or 

Atto 488 maleimide, and (ii) a double-labeled Httex1-23Q-A2C/A82C with Alexa 488 and 594 maleimide 

for smFRET.  

 

The thesis was organized in three major work plans: 

• Evaluate the Httex1-lipid interaction and the role of each flanking polyQ region by Acrylodan fluo-

rescence (reports on local polarity). Steady-state and time-resolved fluorescence measurements of 

Httex1-23Q-A2C-Acrylodan in solution and upon increasing lipid concentrations (LUVs composed 

of pure POPC and 1:1:1 SM:Chol:POPC) were performed. The same strategy was also applied for 

Httex1-23Q-A82C-Acrylodan (also using LUVs composed of 25:75 POPC:POPS). 

• Characterize the conformational dynamics of PRR and Nt17 in the Httex1 membrane-bound state. 

Fluorescence anisotropy decays of both Httex1-23Q-A2C and -A82C labeled with Atto 488 in buffer 

and in the presence of 1mM LUVs were carried out. 

• Calibration of the smFRET step (10-mer dsDNA and Z-position of optical fibers). First measure-

ments of double-labeled Httex1-23Q-A2C/A82C were performed. 
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2 Materials and methods 
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2.1 Plasmid, materials, and reagents 

The pET-SUMO-Httex1-23Q plasmid was previously cloned in the host lab. Briefly, the Httex1-

23Q cDNA was obtained from the pTWIN1-His6-Ssp-Httex1-23Q plasmid (a gift from Hilal Lashuel – 

Addgene plasmid # 84349 [59]) and then inserted into a pET SUMO vector (Invitrogen). BL21(DE3) One 

Shot® chemically competent E. coli was obtained from Thermo Fisher. 

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

(DTT), kanamycin (Km), BlueSafe and NZYColour Protein Marker II were purchased from NZYTech. 

The cOmplete Mini EDTA-free Protease Inhibitor Cocktail Tablets are from Roche. Phenylmethylsulpho-

nyl fluoride (PMSF) was obtained from PanReac AppliChem. Amicon® Ultra-15 Centrifugal Filters with 

3 and 10 kDa cutoff were purchased from Millipore. 0.44 µm syringe filters (low protein binding) are 

obtained from Labbox. The Modified Lowry Protein Assay Kit, Pierce™ BCA Protein Assay Kit is from 

Thermo Fisher. The 5-mL HisTrap FF, 5 mL-HiTrap desalting, and Superdex 75 10/300 GL columns 

were obtained from GE Life Sciences. 

The 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glyc-

ero-3-phosphoserine (POPS) and sphingomyelin (SM) are from Avanti Polar Lipids, while cholesterol 

(Chol) is from Sigma (Figure 2.1). The lipid stock solutions were prepared in chloroform spectronorm 

(VWR) and their concentrations (except for cholesterol) were determined by the phosphate analysis 

method adapted from McClare [60]. The lipid stocks were stored at -20ºC until further use. 

 

 

Figure 2.1 – Chemical structures of the lipids and sterol used in this work. (A) 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC), (B) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS), (C) 18:1 sphingomyelin 

(SM) and (D) cholesterol (Chol). Adapted from [61]. 

 

The fluorescent probes 6-acryloyl-2-dimethylaminonaphthalene (Acrylodan), Alexa Fluor™ 488 

C5 maleimide (Alexa 488) and Alexa Fluor™ 594 C5 maleimide (Alexa 594) were obtained from Invitro-

gen and Atto 488 maleimide (Atto 488) is from Sigma. The oligonucleotides labeled with Alexa 488 

(A488N – 5’CGGATCTCGG) and Alexa 594 (A594N – 5’CCGAGATCCG) were synthesized by Inte-

grated DNA Technologies.  

 

( ) (B)

( ) (D)
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Figure 2.2 – Chemical structures of the fluorescent probes used in this work. (A) Acrylodan, (B) Atto 488, (C) Alexa 

488 maleimide and (D) Alexa 594 maleimide. Adapted from [62]. 

 

The chemicals used for the preparation of buffers/solutions during the protein expression/puri-

fication and the fluorescence measurements were acquired from Sigma or Thermo Fisher. Reagents for 

SDS-PAGE gels are from NZYTech. Buffers were prepared with Milli-Q water (18.2 MΩ∙cm), always 

filtered with 0.2 µm membrane filters (Sartorius), and final stored at 4 ºC. 

 

2.2 Production of single- or double-labeled Httex1-23Q constructs 

In the scope of this thesis, several constructs were created: (i) single-labeled Httex1-23Q con-

structs at position A2C or A82C with Acrylodan or Atto 488 maleimide, and (ii) a double-labeled Httex1-

23Q construct at positions A2C and A82C with Alexa 488 and 594 maleimide. The procedures described 

below for the recombinant expression and purification of Httex1-23Q were applied to all constructs. Only 

the labeling was adapted according to previous publications [63]–[65]. 

 

2.2.1 Expression of the fusion protein His6-SUMO-Httex1-23Q 

BL21(DE3) One Shot® chemically competent E. coli were transformed by heat shock [66] with 

the pET-SUMO-Httex1-23Q plasmid containing a single mutation in the HTTEX1 (at position A2C or 

A82C) or a double mutation (positions A2C and A82C). The cells were plated on LB-Agar plates sup-

plemented with Km (50 μg/mL) and incubated overnight at 37 ºC. An isolated colony was then inoculated 

in LB-Km medium and left to grow overnight at 37 ºC with 250 rpm shaking. Next morning, 10 mL of the 

overnight culture was inoculated in a fresh 90 mL LB-Km medium, which was further grown for 

( )

( ) (D)

(B)
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approximately 4 hours at 37 ºC, 250 rpm. To scale-up the culture, 1 L LB-Km medium was inoculated 

with the previous culture for obtaining an optical density at 600 nm (OD600) of 0.1. The cells were then 

grown at 37 ºC, 250 rpm until they reached an OD600 of 0.4-0.8. At this stage, the protein expression 

was induced with 0.6 mM IPTG, and the culture was left incubating overnight at 16 ºC, 180 rpm. The 

cells were then collected by centrifugation at 8000 rpm for 10 minutes at 4 ºC and resuspended in 60 

mL buffer A (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 15 mM Imidazole) supplemented with 0.1 mM 

PMSF and 1 tablet of cOmplete Mini EDTA-free Protease Inhibitor Cocktail. Finally, the cells were stored 

at -80 ºC until the purification steps. 

 

2.2.2 Purification of the tag-free Httex1-23Q 

Cells were initially sonicated (Branson Sonifier 250) on ice with 9 cycles of 15 pulses (50% duty 

cycle and an output of 9) and 5 minutes of rest between cycles. The cell lysate was then cleared by 

centrifugation at 17,600 x g for 1 hour at 4 ºC. The supernatant was collected and filtered with 0.44-μm 

syringe filters (low protein binding) to remove leftover cell debris.  

A first Immobilized Metal Affinity Chromatography (IMAC) was performed to purify the His6-

SUMO-Httex1-23Q mutated fusion protein in an ÄKTA Start System (GE Healthcare). Briefly, the fil-

trated lysate was loaded into a 5-mL HisTrap FF column previously equilibrated with buffer A and with 

a flow rate of 1.5 mL/min. Non-specific bound proteins were washed out with 10 column volumes (CV) 

of buffer A at a flow rate of 5 mL/min. The fusion protein was then eluted with a gradient of 5–100% of 

buffer B (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 500 mM Imidazole) at a flow rate of 1.5 mL/min and in 

5-mL fractions. 

The fractions with the His6-SUMO-Httex1-23Q mutated fusion protein were joined, concentrated 

to about 10 mL and the buffer was exchanged to buffer C (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 15 

mM Imidazole) using an Amicon® Ultra-15 with 10 kDa cutoff. To remove the His6-SUMO tag, the con-

centrated fraction was incubated with ubiquitin-like-specific protease 1 containing a His6-tag (His6-Ulp1) 

(1:50) and 1 mM DTT at 4 ºC for 3 hours in a rotator. 

A second IMAC was then carried out to purify the tag-free HTT-23Q protein from the protease 

and the His6-SUMO tag. Here, the sample was loaded into the 5-mL HisTrap FF column equilibrated 

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

2.5 mL fractions. 

The fractions containing the tag-free Httex1-23Q mutated protein were buffer exchanged to 

buffer SEC (50 mM Tris-HCl, pH 8.0, 200 mM NaCl) with 5 mM DTT and finally concentrated to around 

500 µL in an Amicon® Ultra-15 with 3 kDa cutoff. Lastly, a Size Exclusion Chromatography (SEC) was 

performed to final purification using a Superdex 75 10/300 GL column equilibrated with buffer SEC at a 

flow rate of 0.3 mL/min and fractions of 0.5 mL were collected. 

 

2.2.3 Single-labeling of Httex1-23Q-A2C or A82C with Acrylodan or Atto 488 malei-

mide 

About 500–800 µL of freshly purified Httex1-23Q protein with a mutation at position A2C or 

A82C (concentrations higher than 100 µM) was initially incubated with 1 mM of DTT for 30 minutes at 
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room temperature (RT). The protein was then loaded into two coupled 5 mL-HiTrap desalting columns 

previously equilibrated with the labeling buffer (20 mM Tris, pH 7.4, 50 mM NaCl, 6 M guanidine hydro-

chloride). Fractions of 0.5 mL were collected and analyzed by SDS-PAGE. 

The protein was then incubated with the fluorescent probe (at a ratio of protein:dye of 1:10): (i) 

Acrylodan for 4 hours at RT and (ii) Atto 488 maleimide overnight at 4 ºC, both under continued stirring 

on an amber glass vial protected from light. To purify the labeled Httex1-23Q protein from the free dye, 

the sample was loaded into the desalting columns now equilibrated with the buffer SEC. Fractions of 

0.5 mL were again collected and analyzed by SDS-PAGE. 

The fractions containing the protein were further analyzed to determine: (i) the dye concentra-

tion by measuring absorbance at 360 nm for Acrylodan (εAcrylodan = 12,900 M-1 cm-1 in water) [67] or at 

500 nm for Atto 488 maleimide (εAtto488 = 90,000 M-1 cm-1 in Phosphate Buffered Saline, pH 7.4) [68]; 

and (ii) the protein concentration. We used the Modified Lowry Protein Assay Kit [69], or the BCA Protein 

Assay Kit [70] for protein quantification with similar results. The protein was then aliquoted in 20 µL 

fractions, flash-frozen in liquid nitrogen and finally stored at -80 ºC until further use. 

 

2.2.4 Double-labeling of Httex1-23Q-A2C/A82C with Alexa 488 and 594 maleimide 

The protocol employed for double-labeling Httex1-23Q – creating the smFRET construct with 

donor (Alexa 488) and acceptor (Alexa 594) fluorophores – was similar to the previously described for 

single-labeling (section 2.2.3) with minor modifications. Here, Httex1-23Q-A2C/A82C was initially incu-

bated with Alexa 488 maleimide (donor fluorophore) in a molar ratio of 0.5:1 (dye:protein) during 2 hours 

at RT with constant stirring and protected from light. Afterwards, Alexa 594 maleimide (the acceptor 

fluorophore) was added at 5x in molar excess and further left incubating overnight at 4 ºC with stirring 

and protected from light. This protocol results in different combinations of donor and acceptor fluoro-

phores on the labeling positions (as Httex1-23Q has two cysteines and multiple combinations for label-

ing with Alexa 488 and 594). 

The double-labeled Httex1-23Q protein was then purified from the unreacted donor and accep-

tor dyes as described before (section 2.2.3). The fractions collected were also analyzed by absorption 

spectroscopy to confirm the presence of donor and acceptor fluorophores. The labeled protein was then 

aliquoted in 20 µL fractions, which were also flash-frozen in liquid nitrogen and stored at -80 ºC until 

further use. 

 

2.3 SDS-PAGE 

The Httex1-23Q fragment has an estimated very low absorption extinction coefficient at 280 nm 

since it does not contain any tryptophan. Therefore, during the expression, purification and labeling, 

several SDS-PAGE gels were performed to identify the fusion protein and the tag-free Httex1-23Q pro-

tein. The gels were prepared with a 5% stacking gel and a resolution gel of 15% in polyacrylamide. The 

NZYColour Protein Marker II with a scale of 11 to 245 kDa was used in all gels as reference. The 

samples were prepared with a loading buffer (50 mM Tris-HCl, pH 6.8, 100 mM DTT, 2% SDS, 0.1% 

bromophenol blue, and 10% glycerol) (20 µL of sample + 10 µL of loading buffer) and incubated at 100 
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ºC for 5 min. At first, electrophoresis ran at 90 V for 10 minutes and then at 175 V for 40-50 minutes in 

the Mini-PROTEAN Tetra Cell (Bio-Rad). BlueSafe was used to stain the gels. 

 

2.4 Preparation of large unilamellar vesicles 

In this work, large unilamellar vesicles (LUVs) of distinct lipid compositions were prepared: (i) 

pure POPC; (ii) 25:75 POPC:POPS; and (iii) a 1:1:1 SM:Chol:POPC ternary mixture for mimicking lipid 

rafts (molar ratio) [71]. Briefly, the stock solutions of lipids were combined in appropriate amounts for a 

final lipid concentration of 2–5 mM. First, the organic solvent (chloroform) was evaporated using a 

stream of nitrogen, and then under vacuum for at least 2 hours. The dry lipid film was resuspended in a 

50 mM HEPES, pH 7.4, 50 mM NaCl buffer (previously filtered). Next, ten freeze-thaw cycles were 

performed to re-equilibrate the suspension and to obtain multilamellar vesicles (MLVs). Finally, the re-

sulting suspension was extruded (31 times) through a 50-nm pore diameter polycarbonate membrane 

in an Avanti Mini-Extruder system to produce LUVs. This procedure was performed at a temperature 

above the melting temperature of the lipid mixtures. The vesicle diameter and the polydispersity index 

were confirmed by Dynamic Light Scattering. 

 

2.5 Fluorescence spectroscopy 

2.5.1 Steady-state fluorescence measurements 

Steady-state fluorescence experiments were performed in a Horiba Jobin Yvon Fluorolog 3-22 

spectrofluorometer using double monochromators in the excitation/emission and in right angle geome-

try. The measurements were conducted in 5 x 5 mm quartz cuvettes (Helma Analytics) at RT. 

Samples were prepared with a constant protein concentration of 0.6 µM or 50 nM when the 

fluorescent probe was Acrylodan or Atto 488, respectively, and a variable lipid concentration, ranging 

from 0 to 1 mM of LUVs. The dilutions to obtain the final concentration of protein were done with a buffer 

containing 50 mM HEPES, pH 7.4, 50 mM NaCl which was also the buffer used as a blank. The lipid-

protein mixtures were prepared on the day of the fluorescent measurements. The emission spectra were 

recorded with excitation at 370 nm and 480 nm, for the Httex1-23Q constructs labeled with Acrylodan 

and Atto 488, respectively. The fluorescence spectral center-of-mass, 〈𝜆〉, was calculated from the emis-

sion spectra, as [72]: 

 

〈𝜆〉 =
∑ 𝐼𝑖 ∙ 𝜆𝑖𝑖

∑ 𝐼𝑖𝑖

(1) 

 

where 𝐼𝑖 is the fluorescence intensity recorded at the corresponding wavelength 𝜆𝑖. 

For the steady-state fluorescence anisotropy experiments, samples were excited as described 

before and the polarized emission was detected at the maximum emission wavelength in solution and 

for the membrane-bound state: (i) for Httex1-23Q labeled with Atto 488 (for both A2C and A82C) was 

fixed at 520 nm; (ii) for Httex1-23Q-A82C-Acrylodan was recorded exclusively at 525 nm; and finally (iii) 
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for Httex1-23Q-A2C-Acrylodan was detected at 525 nm for solution and at 495 nm for samples with 

lipid. The fluorescence anisotropy, 〈𝑟〉, was calculated as: 

 

〈𝑟〉 =
𝐼𝑉𝑉 − 𝐺 ∙ 𝐼𝑉𝐻

𝐼𝑉𝑉 + 2 ∙ 𝐺 ∙ 𝐼𝑉𝐻
(2) 

 

with 𝐼𝑉𝑉 and 𝐼𝑉𝐻 being the vertical and horizontal components of the polarized fluorescence emission, 

when the sample is excited with a vertical polarized light, respectively. The 𝐺 factor is given by the 

𝐼𝐻𝑉 𝐼𝐻𝐻⁄  ratio (which are the components with horizontal excitation) and allows correction for the trans-

mission efficiency of the monochromator to the polarization light. Blanks were always prepared (buffer 

and lipid), and their data were subtracted to the respective sample. For anisotropy, at least five meas-

urements for each sample were performed, and the data are displayed as a mean with the respective 

standard deviation.  

 

2.5.2 Time-resolved fluorescence measurements 

Time-resolved fluorescence intensity and anisotropy experiments were performed by the time-

correlated single-photon timing technique using a step-up previously described [73]–[75]. The setup 

holds a Jobin-Yvon HR320 monochromator with a cutoff filter and a Hamamatsu R-2809U microchannel 

plate photomultiplier. Here, we measured the samples previously characterized by steady-state fluores-

cence (section 2.5.1). The Httex1-23Q labeled with Acrylodan was excited at 340 nm (with a frequency 

doubled secondary cavity-dumped dye laser of DCM-Coherent 701-2) and labeled with Atto 488 at 480 

nm (with a BDS-SM-488FBE pulsed picosecond diode laser from Backer & Hickl). The emission was 

recorded as described above for steady-state fluorescence anisotropy. The fluorescence intensity de-

cays (𝐼(𝑡)) were acquired placing the emission polarizer at the magic angle (54.7º) relative to the verti-

cally polarized excitation beam. For the fluorescence anisotropy decays, the parallel (𝐼𝑉𝑉) and 

perpendicular (𝐼𝑉𝐻) emission polarized components of the fluorescence were alternatively collected. The 

instrument response function (IRF) was recorded as excitation light scattered by a Ludox solution (silica, 

colloidal water solution, Aldrich). Fluorescence intensity decays were acquired in 1024 channels. 

 

Fluorescence decay analysis 

Fluorescence decay analysis were carried out in TRFA Data Processing Package version 1.4 

(developed by the Department of System Analysis and Computer Modelling from Belarusian State Uni-

versity). The goodness of the fits was evaluated from the Χ2 value (<1.3) and a random distribution of 

weighted residuals and autocorrelation plots. 

The florescence intensity decays were analyzed assuming a sum of discrete exponential terms 

[76]: 

 

𝐼(𝑡) =∑𝛼𝑖 exp (−
𝑡

𝜏𝑖
)

𝑛

𝑖=1

(3) 



23 
 

in which 𝛼𝑖 and 𝜏𝑖 are the amplitude and the lifetime of the ith decay component of fluorescence, respec-

tively [73], [76]. The amplitude-weighted mean fluorescence lifetime is given by [76]: 

 

〈𝜏〉 =∑ 𝑎𝑖𝜏𝑖
𝑖

(4) 

 

The fluorescence anisotropy decays, 𝑟(𝑡), were analyzed by global fitting of 𝐼𝑉𝑉(𝑡) and 𝐼𝑉𝐻(𝑡) 

considering that: 

 

𝐼𝑉𝑉(𝑡) =
1

3
𝐼(𝑡)[1 + 2 ∙ 𝑟(𝑡)] (5) 

 

𝐼𝑉𝐻(𝑡) =
1

3
𝐼(𝑡)[1 − 𝑟(𝑡)] (6) 

 

where 𝑟(𝑡) is also described by a sum of discrete exponential terms [75], [76]: 

 

𝑟(𝑡) = ∑𝛽𝑖 exp (−
𝑡

𝜙𝑖

)

𝑛

𝑖=1

(7) 

 

here, 𝛽𝑖 and 𝜙𝑖 represent the normalized amplitude and the rotational correlation time of the ith anisotropy 

decay component, respectively [73], [76]. The global analysis was constrained by the experimental 

steady-state fluorescence anisotropy, 〈𝑟〉, by introducing a 𝐺 factor calculated as [75]: 

 

𝐺 =
(1 − 〈𝑟〉)

1 + 2 ∙ 〈𝑟〉
(
∫ 𝐼𝑉𝑉(𝑡) 𝑑𝑡

∫ 𝐼𝑉𝐻(𝑡) 𝑑𝑡
) (8) 

 

The 𝐺 factor accounts for experimental artifacts, such as photobleaching of the probes and laser 

fluctuations during the measurements (the calculated values were always close to 1) [75]. 

 

2.5.3 Single-molecule FRET measurements 

2.5.3.1 Theoretical background 

Förster resonance energy transfer (FRET) is a nonradiative energy transfer between a donor 

fluorophore to an acceptor fluorophore (due to dipole-dipole coupling). In the last couple of decades, 

FRET has become widely used in biology and biochemistry fields as a spectroscopic ruler to determine 

distances in biomolecules and intramolecular assemblies at nanometer scale, since the efficiency of 

transfer, 𝐸𝑇𝑒𝑓𝑓, depends on the inverse of the sixth power of the donor-acceptor distance. 
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Figure 2.3 – Dependence of the energy transfer efficiency on distance. In this figure, E is the FRET efficiency, r is 

the donor-acceptor distance and R0 is the Förster distance. Reproduced from [76]. 

 

In particular, single-molecule FRET (smFRET) measures FRET at single donor-acceptor pair 

(at single molecule level). smFRET has already been used in many fields to rapidly answer fundamental 

questions: the quantification and characterization of binding events; protein folding and conformational 

changes; motor proteins; RNA folding and catalysis; DNA conformational changes; vesicle fusion; ion 

channels; and signal transduction [77]. Specifically, when the donor and acceptor are located at the 

same molecule, valuable information can be obtained: (i) the efficiency of energy transfer between the 

donor and acceptor is highly sensitive to the distance between them, which makes smFRET an excellent 

tool for measuring changes in molecular distance or conformational changes; (ii) if the donor and ac-

ceptor are attached to different parts of the molecule, changes in FRET efficiency can provide infor-

mation about the interactions between the different parts of the molecule, such as the binding of ligands 

or the formation of protein complexes; and (iii) FRET can also be used to study the flexibility and dy-

namics of a molecule, by measuring the changes in FRET efficiency over time. This can provide infor-

mation about the conformational changes and structural fluctuations that occur during protein folding, 

enzyme catalysis, or other biological processes [77], [78]. 

The two most common setups used for smFRET measurements are the confocal microscope 

(freely diffusing molecules in solution, here used) and the total internal reflection fluorescence (TIRF) 

microscope (surface-immobilized molecules). 
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Figure 2.4 – Overview of smFRET instrument and measurements using a confocal setup. In a typical confocal setup 

(A) the laser beam is focused by a high numerical aperture (NA) objective lens to a diffraction-limited confocal 

remove the excitation light. It finally passes through a long-pass filter and is focused into the confocal pinhole. Each 

donor-acceptor-labeled molecule emits a burst of photons during smFRET measurements as it diffuses through the 

confocal volume (B). Afterwards, (C) the 𝐸𝑇𝑒𝑓𝑓 values for every photon burst are calculated and plotted as a histo-

gram. Replicated and adapted from [64]. 

 

2.5.3.2 Setup description 

Our home-built system is based on a confocal setup for measuring freely diffusing molecules in 

solution and with an intensity-based for detecting simultaneously donor and acceptor photon counts to 

further determine 𝐸𝑇𝑒𝑓𝑓. Our system uses a manual Olympus IX-73 two-deck microscope as a frame, 

containing an objective UPLSAPO 60x/1.2NA water immersion (Olympus) and two avalanche photodi-

ode detectors (APDs) with higher sensitivity for detecting single photons. We also use a 488-nm contin-

uous laser (Sapphire 488-50 CW, Coherent) for directly exciting donor fluorophores. Briefly, the laser is 

focused on the back aperture of the objective and the fluorescence emission is collected by the same 

objective (inverted microscope). Afterwards, the fluorescence is: (1) split from the excitation light using 

( ) (B)

( )
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a dichroic mirror (ZT488rdc dichroic with a long pass ET500lp filter from Chroma), (2) directed for the 

left microscope port coupled to a U-DPCAD dual port unit (Olympus) containing the FRET cube 

(ZT561rdc dichroic in combination with ET525/50m and AT600lp filters for donor and acceptor detection, 

respectively, from Chroma), and finally (3) focused into 100-µm diameter optical fibers (OzOptics) for 

achieving the confocal aperture. Both fibers were coupled to APDs (SPCM-AQRH-14-FC from Exceli-

tas), and the signal output was recorded using digital correlators (Flex03LQ-12; correlator.com). 

 

2.5.3.3 Preparation of double-stranded DNA 

Complementary oligonucleotides labeled with A488 or A594 were hybridized for creating dou-

ble-stranded DNA with 10-bases between each fluorophore (10-mer DNA standard). Briefly, both oligo-

nucleotides were initially dissolved in water for a final concentration of 250 µM. In an Eppendorf tube 

protected from light, the oligonucleotides were mixed in 100 µL of oligo hybridization buffer (10 mM Tris-

HCl, pH 8, 15 mM MgCl2, 100 mM NaCl) for obtaining 2 µM for each oligonucleotide. For setting the 

hybridization conditions, 1 L of water was initially boiled in a hot plate with stirring and then the heat/stir-

ring were turned off. Immediately, the sample was incubated there and left overnight. The 10-mer DNA 

was then aliquoted in 10 µL fractions and stored at -20 ºC. 

 

2.5.3.4 System calibrations 

The optical pathway/setup were previously built by the supervisor and the calibrations for 

smFRET were performed in the scope of this thesis. The system was built in a floating optical table and 

in a dark room, with temperature/humidity controlled for improving the stability. Here, we performed as 

described below: (i) the determination of the Z-position of the optical fibers, (ii) calibrations of the con-

focal volume and bleed-through of donor emission in the acceptor channel, and (iii) finally measure a 

FRET standard (10-mer DNA). 

 

Z-position of the optical fibers 

The optical fibers are connected to the U-DPCAD dual port unit, and the X/Y-positions are con-

trolled by a XY Translator with Micrometer Drive (Thorlabs). The Z-position was adjusted manually and 

calibrated by fluorescence correlation spectroscopy (FCS) measurements. Briefly, for each Z-position, 

FCS curves were acquired for 10 nM of Rhodamine 110 in water (10 curves for 10 seconds). The curves 

were analyzed by: 

 

𝐺(𝜏) =
1

𝑁
∙

1

1 +
𝜏
𝜏𝐷

∙
√

1

1 +
𝑠2𝜏
𝜏𝐷

(9) 

 

Determination of the confocal volume and bleed-through of the donor fluorescence into the acceptor 

channel (𝛽-factor) 

The confocal volume (s-factor) was determined by FCS measurements of 10 nM Alexa 488 in 

water. The curves were analyzed as described above (Equation 9) to determine s. Simultaneously, we 
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recorded the intensities in both donor and acceptor channels for Alexa 488 (with the FRET cube in the 

pathway). The 𝛽-factor is given by the ratio of intensities measured in the acceptor channel regarding 

the donor channel. 

 

Determine the 𝐸𝑇𝑒𝑓𝑓 for 10-mer dsDNA 

The previously prepared 10-mer dsDNA (in 2.5.3.3) was diluted in 20 mM Tris-HCl, pH 7.4, 50 

mM NaCl. The dilution should be in a way that the final concentration of 10-mer dsDNA allows for a 

suitable reading by the detectors (typically between 10-100 nM). Ten minutes measurements were per-

formed to establish the 𝐸𝑇𝑒𝑓𝑓 for 10-mer ds DNA. Deviations of the obtained 𝐸𝑇𝑒𝑓𝑓 with an expected 

histogram could indicate that there was issue with the system, or the reagents used. 

 

2.5.3.5 smFRET data analysis 

Data collected by the Correlator were analyzed using lab-written MATLAB scripts. Briefly, these 

data correspond to the number of photons detected in each channel in 1-ms time bin. We then applied 

a threshold to distinguish the counts coming from the labeled sample from the background. Typically, a 

threshold of ~30 photons gives zero FRET events for the buffers [64], [79]. Next, the efficiency of trans-

fer, 𝐸𝑇𝑒𝑓𝑓, was calculated for each photon burst according to: 

 

𝐸𝑇𝑒𝑓𝑓 =
𝐼𝑎 − 𝛽𝐼𝑑

(𝐼𝑎 − 𝛽𝐼𝑑) + 𝛾(𝐼𝑑 + 𝛽𝐼𝑑)
(10) 

 

where 𝐼𝑎 and 𝐼𝑑 are the fluorescence intensities collected in the acceptor and donor detectors, respec-

tively. 𝛽-factor accounts for bleed-through of the donor fluorescence into the acceptor channel, while 𝛾 

corrects for the difference in the donor (𝜂𝑑) and acceptor (𝜂𝑎) detection efficiency, and also quantum 

yield for donor (𝜙𝑑) and acceptor (𝜙𝑎) fluorophores [64], [80]: 

 

𝛾 =
𝜂𝑎𝜙𝑎

𝜂𝑑𝜙𝑑

(11) 

 

The 𝐸𝑇𝑒𝑓𝑓 calculated are then plotted as a histogram, which contains a peak with a mean 

𝐸𝑇𝑒𝑓𝑓 = 0, caused by molecules with photobleached, absent or nonfluorescent acceptor dyes (donor-

only labeled). The histograms were then fitted with a multipeak Gaussian function to account for the 

zero peak and for donor-acceptor-labelled sample, using the lab-written MATLAB scripts. The number 

of events as a function of time was also tracked to monitor sample concentration over time.
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3 Results and discussion 
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3.1 Production of single- and double-labeled Httex1-23Q constructs 

The Httex1-23Q production was previously optimized in the host lab. Briefly, Httex1-23Q was 

expressed in E. coli BL21 (DE3) as a fusion protein – containing a His6-SUMO tag at the N-terminal – 

at 16 ºC and with 0.6 mM IPTG. Httex1-23Q was engineered to introduce a single-cysteine (position 

A2C or A82C) for labeling with Acrylodan or Atto 488 maleimide or two-cysteines (positions A2C and 

A82C) for labeling with Alexa 488 and 594 maleimide (donor and acceptor fluorophores for smFRET, 

respectively). 

The purification of tag-free Httex1-23Q comprised several steps: (1) a first IMAC was performed 

to purify the mutated His6-SUMO-Httex1-23Q fusion protein from the cell lysate; (2) the His6-SUMO tag 

was cleaved by His6-Ulp1 protease; (3) a second IMAC was conducted to purify the tag-free Httex1-23Q 

from the His6-SUMO tag, the fusion protein and the protease; and finally (4) a SEC was performed for 

final purification of the tag-free Httex1-23Q. The typical SDS-PAGE gels obtained during the Httex1-

23Q purification are shown in Figure 3.1. We obtained similar results for the different Httex1-23Q con-

structs and highly pure protein. Since we adopted the same strategy for all constructs, here we only 

show the results for Httex1-23Q-A82C construct labeled with Acrylodan to simplify the reading of this 

thesis. 
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Figure 3.1 – Purification steps of Httex1-23Q-A82C and labeling with Acrylodan monitored by SDS-PAGE. (A) 

Schematic representation of His6-SUMO-Httex1-23Q fusion protein: His6-tag is shown in blue; SUMO-tag in green; 

and the Httex1-23Q in purple. The black line represents the cleavage location targeted by the His6-Ulp1. After 

cleavage, tag-free Httex1-23Q is produced without any leftover amino acid residues from the His6-SUMO tag. (B) 

The His6-SUMO-Httex1-23Q-A82C fusion protein was initially purified by IMAC. The highlighted fractions (F3 to F8) 

indicate the fusion protein. (C) The His6-SUMO tag was cleaved by a SUMO protease (His6-Ulp1). The band corre-

sponding to the His6-SUMO-Httex1-23Q-A82C fusion protein (yellow box) disappeared after the cleavage and a 

new band appeared at a lower MW (highlighted by the green box). (D) During the second IMAC, the Httex1-23Q-

A82C was purified from the His6-SUMO tag and His6-Ulp1 protease. The tag-free protein was eluted in the flow-

through (F3 to F9). (E-F) A SEC was performed for final purification. The fractions containing pure tag-free Httex1-

23Q protein (F20 to F22) were labeled with Acrylodan. (G) The unreacted free dye was removed from the labeled 

protein by desalting columns. 

 

Both the His6-SUMO-Httex1-23Q fusion protein and the tag-free Httex1-23Q protein run at high 

molecular weights (MW) in the SDS-PAGE gel due to the high proline content and their intrinsically 

disordered features [59], [81]. The fusion protein has 23 kDa (calculated using the Expasy – Compute 

pI/Mw tool [82]), and runs around the 35 kDa marker in the SDS-PAGE gel; and the tag-free Httex1-23Q 

protein has a theoretical MW of 9.94 kDa but it runs at 17–20 kDa as previously reported [59], [81]. 

For the first IMAC, the His6-SUMO-Httex1-23Q bound to the nickel-column (HisTrap FF) during 

the loading step and unbound proteins were washout with buffer A (containing a low imidazole 
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concentration). Afterwards, using a gradient (5–100%) with the imidazole-rich buffer (buffer B), the fu-

sion protein was eluted and collected in 5mL-fractions, namely in fractions F3 to F8 (Figure 3.1(B)). At 

this purification step, the His6-SUMO-Httex1-23Q fusion protein was still not pure since other proteins 

initially bound to the nickel-column and were co-eluted during the gradient with buffer B.  

The fractions containing the fusion protein were exchanged to buffer C (low salt and imidazole 

concentration) and concentrated to ~12 mL. The His6-SUMO tag cleavage with the His6-Ulp1 protease 

was highly efficient (Figure 3.1(C)), as the band of the fusion protein (running around the 35 kDa marker 

in the SDS-PAGE gel) disappeared and instead two new intense bands appeared in the region between 

17–20 kDa markers. 

In the second IMAC, the tag-free Httex1-23Q protein was collected in the flow-through and both 

the His6-SUMO tag and the His6-Ulp1 protease were retained in the nickel-column. Figure 3.1(D) shows 

the fractions containing the tag-free protein (F3–F9). These fractions were pooled and concentrated 

(while also performing a buffer exchange to buffer SEC) for a final purification by SEC. In this step, the 

tag-free protein was purified based on its size, being eluted in the fractions F20 to F22 (Figure 3.1(E-

F)). 

Finally, the labeling with the fluorescent probes, here exemplified with Acrylodan (Figure 

3.1(G)), also occurred as expected. First, we used two coupled 5-mL HiTrap desalting columns (as 

mentioned in sections 2.2.3 and 2.2.4) to remove DTT (quencher of the labeling reaction) and also 

perform a buffer exchange to the labeling buffer. The protein was collected, and the selected fractions 

(F7 to F9) were tested on a SDS-PAGE gel to confirm the presence of the protein. For single labeling, 

the selected fractions were incubated with Acrylodan or Atto 488 for 4 hours or overnight, respectively. 

For double-labeling, the fractions were initially incubated with Alexa 488 for 2 hours and later with Alexa 

594 overnight. After the incubation, the single- or double-labeled sample was loaded again into the 

HiTrap desalting columns to separate the protein from the unreacted dye (while also performing a buffer 

exchange to remove guanidine hydrochloride). The labeled protein was collected in 0.5 mL fractions 

and analyzed by SDS-PAGE (Figure 3.1(G)) and UV-Vis. 

The dye was quantified by absorbance and using the respective extinction coefficient of each 

probe. In addition, we used the BCA or Lowry methods for protein quantification, obtaining typical protein 

concentrations about 15 – 25 µM (depending on the fraction). 

 

3.2 Fluorescence properties of the single-labeled Httex1-23Q-A2C 

and -A82C-Acrylodan 

This thesis aimed to evaluate the effects of distinct membrane compositions on Httex1-23Q lipid 

interaction. Initially, we characterized the binding of Httex1-23Q single-labeled with Acrylodan at both 

flanking regions – A2C at N17 and A82C at PRR – with LUVs prepared with variable lipid content. Here, 

we used Acrylodan, a thiol-reactive probe, to report on local polarity. The Acrylodan fluorescent probe 

is a thiol reactive probe that forms a very strong bond. This probe is also sensitive to the polarity of the 

solvent, in both fluorescent intensity and emission wavelength, which are dependent on the dielectric 

constant of the environment that surrounds the probe (solvent), and also on the environment viscosity, 

since dipole reorientation via rotational diffusion is required [83]. This property is called solvent relaxation 
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and it originates the Stokes shift (Figure 3.2) [76]. This shift is the wavelength difference observed be-

tween the maximum wavelength of the absorption and emission spectrum for the same electronic tran-

sition. The bigger the polarity of the solvent, there is a higher solvent relaxation that causes a larger loss 

of energy, meaning there is a deviation of the spectra to higher wavelengths (red shift). The opposite is 

also true: if the solvent polarity decreases, there is less solvent relaxation and less loss of energy, and 

the shift goes to lower wavelengths (blue shift). 

 

 

Figure 3.2 – Stokes shift generation described by the Jablonski diagram for fluorescence. (A) When a fluorophore 

absorbs light, it is pushed from the ground state of energy (S0) to a higher excited energy state, quickly relaxing to 

the first excited energy level (S1) which then decays to the ground state. The loss of excitation energy during this 

process results in a higher wavelength of emission (when compared to the absorption), originating the Stokes shift. 

Reproduced from [84]. (B) Jablonski diagram illustrating fluorescence with solvent relaxation, the origin of the 

Stokes shift. Reproduced from [85]. 

 

Httex1-23Q does not contain any cysteine in its amino acid chains composition. To successfully 

label the protein with the fluorescent probes, a mutagenesis consisting of a single amino acid 
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substitution was performed, replacing an alanine for a cysteine (that contains a thiol group) in two posi-

tions within Httex1-23Q (A2C or A82C), which correspond to the N- (Nt17) and C-terminal domain, re-

spectively. The absence of naturally occurring cysteines on Httex1 allows for a specific labeling on the 

desired location. The fluorescence properties of Acrylodan coupled to both regions were characterized 

through steady-state and time-resolved fluorescence measurements.  

Figure 3.3 shows the fluorescence emission spectra of both Acrylodan-labeled Httex1-23Q-A2C 

and A82C constructs in aqueous solution and with increasing lipid concentrations. We used LUVs com-

posed of three different lipid mixtures: pure POPC, 1:1:1 SM:Chol:POPC and 25:75 POPC:POPS. The 

corresponding parameters obtained from the fluorescence emission spectra, including 〈𝜆〉 and the nor-

malized integrated area of the respective spectra, are presented in Figure 3.4(A-B and C-D, respec-

tively). Additionally, the changes in 〈𝑟〉 and 〈𝜏〉 are also displayed in Figure 3.4(E-F) and Figure 3.5, 

respectively. The fluorescence parameters obtained for both constructs in solution and with 1 mM LUVs 

are shown in Table 3.1. 
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Figure 3.3 – Fluorescence emission spectra of (A and C) Httex1-23Q-A2C-Acrylodan and (B, D and E) Httex1-23Q-

A82C-Acrylodan in solution (buffer) and with increasing lipid concentration. LUVs composed of (A-B) POPC, (C-D) 

1:1:1 SM:Chol:POPC and (E) 25:75 POPC:POPS were used. The protein concentration for all samples was of 0.6 

µM and measurements were performed in a 50 mM HEPES, pH 7.4, 50 mM NaCl buffer at RT. The excitation and 

emission slits were both opened at 5 nm for Httex1-23Q-A2C and at 4 nm for Httex1-23Q-A82C. 
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3.2.1 Characterization of Httex1-23Q-A2C and -A82C-Acrylodan in solution 

As previously mentioned, Acrylodan is a highly sensitive fluorescent probe that is affected by 

the polarity of the surrounding environment. The fluorescent properties of Acrylodan (Figure 3.4 and 

Table 3.1) located at the Nt17 domain (Httex1-23Q-A2C construct: 𝜆 max = 524 nm, 〈𝜆〉 = 527 nm, 〈𝑟〉 

= 0.12 and 〈𝜏〉 = 0.95 ns) were slightly different from those observed at the PRR (Httex1-23Q-A82C 

construct: 𝜆 max = 532 nm, 〈𝜆〉 = 543 nm, 〈𝑟〉 = 0.12 and 〈𝜏〉 = 1.31 ns). The 𝜆 max observed for the 

A82C-labeled construct in solution is typical of disordered regions as previously reported, where it has 

been shown to be around 530 nm [86]. Nevertheless, the 𝜆 max observed for Httex1-23Q-A2C showed 

a slight blue-shift from the values of the Httex1-23Q-A82C construct. This is an indication that the Nt17 

domain, when in solution, may exhibit transient secondary structures or a more collapsed conformation. 

It could partially shield the Acrylodan probe from the surrounding solvent (which in this study is mostly 

water, highly polar) and therefore decrease the local polarity experienced by Acrylodan. This is a plau-

sible explanation for the slight decrease of 𝜆 max and the observed differences for the other parameters 

as well. 
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Figure 3.4 – Fluorescence properties of the (A, C and E) Httex1-23Q-A2C-Acrylodan and (B, D and F) Httex1-23Q-

A82C-Acrylodan-labeled constructs. Variations of (A-B) 〈𝜆〉, (C-D) normalized integrated area of the fluorescence 

emission spectra and (E-F) 〈𝑟〉 with the lipid concentration. LUVs composed of POPC (black), 1:1:1 SM:Chol:POPC 

(red) and 25:75 POPC:POPS (blue) were used. The samples had a protein concentration of 0.6 µM and were in a 

50 mM HEPES, pH 7.4, 50 mM NaCl buffer at RT. For steady-state fluorescence anisotropy, 10 nm slits in both the 

excitation and emission were used for Httex1-23Q-A2C-Acrylodan, while for the Httex1-23Q-A82C-Acrylodan was 

employed 5 nm and 8 nm for the entrance and exit slits, respectively. Results for the Httex1-23Q-A2C-Acrylodan 

construct with LUVs 25:75 POPC:POPS were obtained by Dr. Tânia Sousa. They are shown here to compare with 

the results from this work. Dashed lines were drawn as guides to the eye. 
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Table 3.1 – Fluorescence parameters obtained for Httex1-23Q-A2C and A82C-Acrylodan-labeled in buffer (solution) 

and with 1 mM LUVs (POPC, 1:1:1 SM:Chol:POPC and 25:75 POPC:POPS). The data was acquired with protein 

concentration of 0.6 µM and with a 50 mM HEPES, pH 7.4, 50 mM NaCl buffer at RT. The 𝜆 max is the maximum 

fluorescence emission wavelength, 〈𝜆〉 is the fluorescence spectral center-of-mass, 〈𝜏〉 is the amplitude-weighted 

mean fluorescence lifetime, and finally 〈𝑟〉 is the steady-state fluorescence anisotropy. Results for A2C-Acrylodan 

construct with LUVs 25:75 POPC:POPS were obtained by Dr. Tânia Sousa and are shown here to just compare 

with the results from this thesis. 

Construct Medium 𝜆 max (nm) 〈𝝀〉 (nm) 〈𝒓〉 〈𝝉〉 (ns) 

Httex1-23Q-A2C 

Buffer 524 527 0.12 0.95 

POPC 498 503 0.16 2.04 

1:1:1 SM:Chol:POPC 493 500 0.15 1.60 

25:75 POPS:POPS 471 486 0.18 2.63 

Httex1-23Q-A82C 

Buffer 532 543 0.12 1.31 

POPC 530 533 0.11 1.44 

1:1:1 SM:Chol:POPC 529 536 0.11 1.41 

25:75 POPC:POPS 531 528 0.12 1.50 

 

3.2.2 Characterization of the Nt17 domain (Httex1-23Q-A2C-Acrylodan) in the pres-

ence of lipid vesicles 

Previous studies show that the Nt17 domain of Httex1 interacts with lipid membranes [87]. More-

over, it was stated that when this domain is in solution (not bound to lipids), it does not adopt a stable 

secondary structure. It is only when binding with lipid membranes that this domain structure is stabilized 

[43]. It is also assumed that this binding allows for the formation of a stable α-helical conformation within 

the Nt17 domain. 

The Httex1-23Q-A2C-Acrylodan construct was used here to map changes in the local polarity 

within the Nt17 domain upon membrane interaction. It is expected that when Acrylodan shifts from an 

environment with high polarity (solution) to a more hydrophobic environment (such as lipid membranes), 

the maximum emission wavelength will shift towards lower wavelengths. That is often referenced as a 

blue shift. 

The interaction of Httex1-23Q-A2C-Acrylodan with fluid/zwitterionic lipid membranes composed 

of pure POPC was initially characterized. Upon increasing the lipid concentration, the Acrylodan fluo-

rescence intensity and the mean fluorescence lifetime increased. At 1 mM of POPC LUVs (Table 3.1), 

there are noticeable differences in the fluorescent properties observed for the A2C construct (𝜆 max = 

498 nm, 〈𝜆〉 = 503 nm, 〈𝑟〉 = 0.16, 〈𝜏〉 = 2.04 ns) when compared to the solution state (in buffer). The 

blue-shift (Figure 3.4(A)) in both 𝜆 max and 〈𝜆〉 (-26 nm and -24 nm, respectively) indicate that Acrylodan 

is present in a less polar environment upon adding POPC vesicles. The values are somewhat consistent 

(at lower extents) to previous findings that showed similar results when a protein labeled with Acrylodan 

is embedded in a lipid layer [86]. In addition, the increase in the steady-state fluorescence anisotropy 

suggests that the fluorescent probe (in the A2C position) is more constrained (a lower “freedom of move-

ment”), reporting the membrane-binding.  
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The binding of Httex1-23Q-A2C-Acrylodan with 1:1:1 SM:Chol:POPC LUVs with co-existing of 

liquid ordered (lo) or disordered (ld) phases was also studied. The results (Table 3.1 and Figure 3.4(C)) 

obtained for this ternary lipid mixture (𝜆 max = 493 nm, 〈𝜆〉 = 500 nm, 〈𝑟〉 = 0.15, 〈𝜏〉 = 1.60 ns) were 

very similar to the ones obtained for pure POPC vesicles. This supports that Nt17 domain also interfaces 

the lipid vesicles. 

The interaction of Httex1-23Q-A2C-Acrylodan with lipid vesicles containing 25:75 POPC:POPS 

(negatively-charged membranes) was not performed during this work, as the results were previously 

obtained in the host lab by Dr. Tânia Sousa. Therefore, the fluorescence emission spectra are not pre-

sented in Figure 3.3, but the properties observed are available for comparison with the other lipid mix-

tures used in Figure 3.4, Figure 3.5 and Table 3.1. The results obtained with 25:75 POPC:POPS LUVs 

show that the Httex1-23Q interaction with anionic lipid membranes was of a greater extent when com-

pared to POPC and 1:1:1 SM:Chol:POPC lipid vesicles. 

Overall, the results indicate that the binding of Httex1-23Q to lipid membranes is primarily driven 

by an electrostatic component, shown by the preference for the negatively-charged POPS lipid vesicles. 

However, data obtained for other lipid mixtures show that there is also a hydrophobic factor present in 

this interaction. In addition, the results are also consistent with previous studies reporting that Nt17 

domain plays a direct role in the Httex1-membrane binding. 

 

  

Figure 3.5 – Changes in the amplitude-weighted mean fluorescence lifetime (〈𝜏〉) of (A) Httex1-23Q-A2C-Acrylodan 

and (B) Httex1-23Q-A82C-Acrylodan with increasing lipid concentrations. The measurements were performed with 

LUVs composed of pure POPC (black); 1:1:1 SM:Chol:POPC (red); and 25:75 POPC:POPS (blue). Dashed lines 

were drawn as guides to the eye. The samples had a protein concentration of 0.6 µM and were in a 50 mM HEPES, 

pH 7.4, 50 mM NaCl buffer at RT. Results obtained for Httex1-23Q-A2C-Acrylodan with 25:75 POPC:POPS LUVs 

were acquired by Dr. Tânia Sousa and are shown here to just compare with the results from this work. 
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3.2.3 Characterization of the PRR (Httex1-23Q-A82C-Acrylodan) in the presence of 

lipid vesicles 

Previous studies show that the PRR does not adopt a stable secondary/tertiary structure and it 

is an IDP in solution [88]. In this work, the Httex1-23Q-A82C construct was used to investigate the PRR 

region's behavior under different lipid mixtures and concentrations (Figure 3.4 and Figure 3.5). 

Upon increasing the lipid concentration and for all three lipid mixtures, the magnitude of changes 

in the fluorescence properties of Httex1-23Q-A82C-Acrylodan were significantly smaller than the ob-

tained for the Httex1-23Q-A2C-Acrylodan. There was only a very slight blue-shift in 〈𝜆〉 and 𝜆 max (even 

for LUVs containing 25:75 POPC:POPS lipid mixture). Moreover, both the steady-state anisotropy and 

the mean fluorescence lifetime remained practically unchanged. 

Altogether, these results show that PRR remains exposed to the solvent Httex1-23Q is in the 

membrane-bound state, and in contrast the Nt17 domain is directly involved in the membrane-binding 

of Httex1-23Q (section 3.2.2). 

 

3.3 Time-resolved fluorescence anisotropy measurements of Httex1-23Q-

A2C and -A82C-Atto488 

Atto 488 maleimide is also a thiol reactive probe and has a higher absorption coefficient, quan-

tum yield, photo-stability, and fluorescence lifetime than Acrylodan [68]. Atto 488 was chosen to probe 

the conformational dynamics at both termini using the same labeling positions (A2C – Nt17 or A82C – 

PRR). Specifically, time-resolved fluorescence anisotropy experiments were performed with Httex1-

23Q-A2C-Atto488 and Httex1-23Q-A82C-Atto488 free in solution (buffer) and with 1 mM LUVs (fully 

bound). Again, LUVs were prepared with pure POPC, 1:1:1 SM:Chol:POPC and 25:75 POPC:POPS. 

The anisotropy decays were fitted by a sum of two exponentials terms: 𝜙1 represents the depo-

larization of the fluorescent probe; and 𝜙2 denotes the depolarization of the polypeptide chain of the 

Httex1-23Q protein. The results obtained from the anisotropy decays analysis of both Httex1-23Q-A2C 

and -A82C-Atto488 constructs are summarized in Table 3.2. 
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Table 3.2 – Time-resolved fluorescence anisotropy parameters of Httex1-23Q-A2C-Atto488 and Httex1-23Q-A82C-

Atto488 in buffer (solution) and with 1 mM LUVs (POPC, 1:1:1 SM:Chol:POPC and 25:75 POPC:POPS). 𝛽𝑖 is the 

normalized amplitudes and 𝜙𝑖 is the rotational correlation times. 〈𝑟〉𝑒𝑥𝑝) is the steady-state fluorescence anisotropy; 

and finally, 〈𝑟〉𝑐𝑎𝑙𝑐 is the anisotropy calculated from the parameters of the time-resolved analyses. 

Construct Solution 𝒓(𝟎) 𝜷𝟏 𝝓𝟏 (ns) 𝜷𝟐 𝝓𝟐 (ns) 𝚾𝟐 〈𝒓〉𝒆𝒙𝒑 〈𝒓〉𝒄𝒂𝒍𝒄 

Httex1-23Q-
A2C 

Buffer 0.335 0.235 0.335 0.100 2.506 1.123 0.074 0.069 

POPC 0.395 0.225 0.185 0.170 1.275 1.274 0.076 0.069 

1:1:1 SM:Chol:POPC 0.394 0.277 0.248 0.117 3.022 1.458 0.077 0.080 

25:75 POPC:POPS 0.403 0.299 0.331 0.104 7.964 1.252 0.103 0.090 

Httex1-23Q-
A82C 

Buffer 0.390 0.242 0.175 0.148 1.688 1.185 0.057 0.052 

POPC 0.397 0.241 0.208 0.156 1.271 1.402 0.064 0.059 

1:1:1 SM:Chol:POPC 0.396 0.240 0.197 0.156 1.471 1.551 0.067 0.064 

25:75 POPC:POPS 0.388 0.218 0.176 0.170 0.887 1.205 0.056 0.056 

 

In solution (buffer), the anisotropy decays of both Httex1-23Q-A2C-Atto488 and -A82C-Atto488 

were similar, and they are characterized by a high 𝛽1 amplitude (for 𝜙1), reflecting a high contribution of 

the fast rotation of the fluorophore (Atto 488) that is typical of IDPs.  

In the presence of lipid membranes, the anisotropy decays of Httex1-23Q-A2C-Atto488 only 

experienced major changes upon interaction with anionic vesicles (25:75 POPC:POPS). Specifically, 

the second rotational correlation time increased for 𝜙2 = 7.96, reflecting that the Nt17 (A2C-postion) 

interfaces the lipid membranes and adopts a less flexible state. For the Httex1-23Q-A82C-Atto488, we 

did not detect significant variations in the anisotropy decays upon adding 1mM LUVs and for all lipid 

compositions. This is consistent with our Acrylodan data that the PRR of Httex1 is not involved in the 

membrane interaction, remining highly flexible/dynamic in the membrane-bound state. 

Overall, these data show that N17 adopts a less flexible state upon binding to negatively-

charged membranes. The PRR remains highly dynamic even upon membrane binding (independently 

of the lipid composition). 
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Figure 3.6 – Time-resolved fluorescence anisotropy decays of (A-C) Httex1-23Q-A2C-Atto488 and (B-D) Httex1-

23Q-A82C-Atto488 in buffer (grey), and in the presence of 1 mM LUVs of POPC (red), 1:1:1 SM:Chol:POPC (or-

ange) and 25:75 POPC:POPS (blue). 

 

3.4 Calibration of the smFRET setup and characterization of the double-la-

beled Httex1-23Q 

System calibrations were performed to optimize the optical pathway and setup. First, by using 

10nM of Rhodamine 110 in water, the optimal Z-position of the optical fibers was determined. Specifi-

cally, several FCS measurements (10 curves for 10 seconds each) were conducted at different Z-posi-

tions, with the objective of obtaining the best counts per molecule (cpm) and diffusion time (𝜏𝐷) for each 

channel (Figure 3.7). These parameters should be consistent from day to day, for a given laser power. 
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Figure 3.7 – Calibration of the Z-position of the (A) donor and (B) acceptor optical fibers. The variation of the diffu-

sion time (𝜏𝐷) – in grey – and the counts per molecule (cpm) – red – with the Z-position was determined by FCS. 

The dashed lines serve as guides to the eye. 

 

Secondly, we determined the confocal volume (s-factor) and bleed-through of the donor fluo-

rescence into the acceptor channel (𝛽-factor) by FCS measurements of 10 nM Alexa 488 in water. The 

FCS curves were analyzed by Equation 9 to determine the s-factor. At the same time, the intensities in 

both channels were recorded and the 𝛽-factor was calculated by the ratio of intensities measured in the 

acceptor channel regarding the donor channel. 

Thirdly, we used the 10-mer dsDNA (with the donor/acceptor pair) as a positive FRET standard 

control. 10-minute measurements were performed, and the FRET histograms were fitted with multipeak 

Gaussian functions. The 𝐸𝑇𝑒𝑓𝑓  determined for the double-labelled DNA is similar to the expected value. 

 

 

Figure 3.8 – smFRET calibration with 10-mer dsDNA. A measurement of 10 minutes was performed to determine 

the 𝐸𝑇𝑒𝑓𝑓 for the 10-mer dsDNA. The smFRET histogram was fitted with a two-gaussian distribution. 
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The double-labeled Httex1-23Q-A2C/A82C protein (with Alexa 488 and 594 maleimide) was 

also characterized by smFRET. Unfortunately, the result (Figure 3.9) show that the labeling was not 

efficient and there was only donor-labeled protein (without donor/acceptor pairs). Furthermore, our sam-

ples also had significant background and also absorption to the glass coverslip [64]. In the future, a new 

double-labeling of the Httex1-23Q protein should be carried out and troubleshoot the background of 

each buffer component (including using water of spectroscopic grade). 

 

 

Figure 3.9 – Characterization of the double-labeled Httex1-23Q-A2C/A82C protein by smFRET.
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4 Conclusion and final remarks 





49 
 

HD is a fatal and inherited progressive neurodegenerative disease caused by an expansion of 

the polyQ domain at the first exon of the HTT protein (Httex1). Growing evidence supports that lipid 

membranes are critical in the mechanism of Httex1 neurotoxicity. However, so far most biophysical 

studies have focused on using synthetic polyQ peptides to evaluate membrane interaction. However, 

recent works support that both flanking polyQ regions – Nt17 and PRR – modulate the Httex1 aggrega-

tion in solution and in the presence of lipid membranes [34], [52], [54]. 

This work aimed to evaluate the interaction of Httex1-23Q (WT variant – full-length fragment) 

with lipid vesicles of variable composition: (1) fluid/zwitterionic pure POPC; (2) 1:1:1 SM:Chol:POPC 

with co-existing of liquid ordered (lo) or disordered (ld) phases; and finally (3) 25:75 POPC:POPS for 

probe electrostatic effects. Httex1-23Q was engineered to introduce a single-cysteine at position A2C 

or A82C (probing Nt17 and PRR, respectively) for labelling with Acrylodan and Atto 488 maleimide; or 

introduce two-cysteines (A2C and A82C) for double-labelling with Alexa 488 and 584 maleimide for 

smFRET measurements. 

The Httex1-lipid interaction was initially characterized by Acrylodan fluorescence (steady-state 

and time-resolved measurements). Here, Acrylodan was used to probe changes in the local polarity and 

consequently evaluate membrane-binding. Our data shows that Httex1-23Q-A2C-Acrylodan binds to 

LUVs composed of SM:Chol:POPC and pure POPC vesicles, revealing there is a hydrophobic compo-

nent in this interaction and no preference for ordered phase. However, this interaction was lower than 

for POPS-containing vesicles (data obtained previously by Dr. Tânia Sousa). Moreover, the data ob-

tained for Httex1-23Q-A82C-Acrylodan indicate that the C-terminal PRR is completely solvent exposed 

in the Httex1-23Q membrane-bound state. 

At second phase, the conformational dynamics of both Nt17 and PRR upon membrane binding 

was evaluated through time-resolved fluorescence anisotropy measurements. Here, Httex1-23Q-A2C 

and -A82C was labelled with Atto 488 maleimide, and their anisotropy decays were recorded in solution 

and in the presence of 1mM LUVs. Altogether, these data reveal that Nt17 interfaces POPS-containing 

vesicles and adopts a less flexible state. While PRR keep its solution conformational dynamics (for all 

distinct lipid compositions). 

These results are consistent with previous studies showing that Nt17 anchors to lipid mem-

branes and forms an amphipathic a-helix [43]. Moreover, a previous AFM study of K. A. Burke, et al. 

[34] also revealed that PRR alone was not sufficient to induce polyQ interaction with a lipid surface. 

Finally, we also attempted to map the global dimensions of Httex1-23Q in the membrane-bound 

state. In the context of this thesis, the smFRET setup was calibrated (Z-position of the optical fibers and 

also determine the 𝐸𝑇𝑒𝑓𝑓 of a positive control 10-mer dsDNA). The Httex1-23Q-A2C/A82C was double-

labeled with Atto488 and 594 maleimide and further characterized by smFRET. Our smFRET data indi-

cates that the labeling was not efficient and only resulted in donor-only labeled Httex1-23Q. Further 

studies should focus on optimizing the double-labeling protocol for Httex1-23Q. Moreover, the creation 

of more smFRET constructs will allow to also determine conformational assemble of Httex1-23Q at the 

membrane surface.
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