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Abstract 

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

order. 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 Atto488 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.  

 

Introduction 

General overview of Huntington's disease 

Huntington’s disease (HD) is a severe autoso-

mal-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 polygluta-

mine (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 worldwide-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 in-

dividual may not even develop any symptoms dur-

ing the course of its life [5]. Individuals with a CAG 

repeat length of 40 or greater develop HD (assum-

ing a normal life span) [5]. The CAG length repeats 

strongly correlated with the severity and the dis-

ease onset. With very large CAG expansions 

(more than 60), the onset could occur below the 

age of 20. This is known has juvenile HD and ac-

counts for about 7% of HD cases [6]. 

The huntingtin (HTT) protein is coded by the 

HTT gene and is found in many of the body’s tis-

sues but it’s mainly expressed in the brain cortex 

(the cerebellar cortex, the neocortex, the hippo-

campal formation, and the striatum), more specifi-

cally in the cytoplasm of neurons [7], [8]. HTT is a 

soluble, mostly cytoplasmic, and a large mul-

tidomain protein with a molecular weight of 350 
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kDa (more than 3000 amino acids) [9]. The first 

exon of the HTT is usually called by Httex1 and is 

the most studied part of the HTT protein. This frag-

ment is usually generated either by an aberrant 

splicing event in which the mRNA transcript origi-

nated from HTT gene is involved, or by the prote-

olysis of the full-length HTT. Httex1 is comprised 

by three major domains: the N-terminal 17 amino 

acid domain (Nt17 segment), the polyQ tract, and 

finally the C-terminal proline-rich domain (PRR). 

All of these domains are highly disordered in solu-

tion and are able to modulate the misfolding, oli-

gomerization and fibrillation of both Httex1 and the 

full-length protein [10]. The Nt17 domain is char-

acterized for being composed of 17 amino acids, 

mostly conserved between vertebrates, and by 

forming an amphipathic α-helix that interacts with 

lipid membranes [11], [12]. The Nt17 domain func-

tions as a cytoplasmic retention signal and is sub-

ject to several post-translational modifications 

(PTMs) [13]. Following this domain, the polygluta-

mine (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 and is only present in mammals, 

suggesting that is very recent in terms of evolution 

of the HTT protein [14]. Even though this domain 

seems to be important for mediating protein-pro-

tein interactions (since it is critical for interactions 

with proteins that contain tryptophan or SH3 do-

mains [15]), it is highly variable between individu-

als and its deletion had no severe effect on 

mouses [11], [16]. In the C-terminal location of 

HTT, a nuclear export signal has also been identi-

fied [13]. 

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 ag-

gregate, the mHTT is more prone to cleavage and 

to aberrant splicing, that creates shorter fragments 

that can aggregate and form inclusion bodies in 

the cytoplasm, 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 

[17]–[19]. 

The expanded polyQ domain is responsible for 

the formation and the deposition of intranuclear 

and cytoplasmic inclusion bodies formed by fibril-

lar HTT aggregates. Recent studies have demon-

strated that the inclusion bodies might be either a 

protective or incidental while the smaller and more 

diffuse aggregates may represent the toxic entities 

[11], [20]–[22]. The flaking domains (polyP and 

Nt17) which are directly adjacent of the polyQ do-

main are then a potential target for therapeutical 

strategies that 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 con-

formers mediate the 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 dys-

function of the cell and the consequent disease 

[23]–[25]. Despite HTT having a prominent mem-

brane location, there is still not much knowledge 

about the relationship of HTT with lipids and their 

role in HD. The specific aims of this project were 

(i) to quantify the binding of Httex1-23Q to lipid 

vesicles with distinct compositions; (ii) to charac-

terize the role of each flanking polyQ region – N-

terminal Nt17 and C-terminal pro-line-rich region 

(PPR) – in the Httex1-lipid interaction. 
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Materials and methods 

Production of single-labeled Httex1-23Q con-

structs 

In the scope of this thesis, several constructs 

were created: single-labeled Httex1-23Q con-

structs at position A2C or A82C with Acrylodan or 

Atto 488 maleimide. The procedures described 

below for the recombinant expression and purifi-

cation of Httex1-23Q were applied to all con-

structs. Only the labeling was adapted according 

to previous publications [26]–[28]. 

 

Expression of the fusion protein His6-SUMO-

Httex1-23Q 

BL21(DE3) One Shot® chemically competent 

E. coli were transformed by heat shock [29] with 

the pET-SUMO-Httex1-23Q plasmid containing a 

single mutation in the HTTEX1 (at position A2C or 

A82C). The cells were plated on LB-Agar plates 

supplemented 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 over-

night 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 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 ob-

taining 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. 

 

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 be-

tween 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 Chromatog-

raphy (IMAC) was performed to purify the His6-

SUMO-Httex1-23Q mutated fusion protein in an 

ÄKTA Start System (GE Healthcare). Briefly, the 

filtrated 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 

concentrated fraction was incubated with ubiqui-

tin-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 equili-

brated with buffer C, and the tag-free protein was 
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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 frac-

tions of 0.5 mL were collected. 

 

Labeling of Httex1-23Q-A2C or A82C with Acrylo-

dan or Atto 488 maleimide 

About 500–800 µL of freshly purified Httex1-

23Q protein with a mutation at position A2C or 

A82C (concentrations higher than 100 µM) was in-

itially incubated with 1 mM of DTT for 30 minutes 

at 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 hydrochloride). Fractions of 0.5 mL 

were collected and analyzed by SDS-PAGE. 

The protein was then incubated with the fluo-

rescent probe (at a ratio of protein:dye of 1:10): (i) 

Acrylodan for 4 hours at RT and (ii) Atto 488 ma-

leimide 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 an-

alyzed by SDS-PAGE. 

The fractions containing the protein were fur-

ther 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) 

[30] or at 500 nm for Atto 488 maleimide (εAtto 488 = 

90,000 M-1 cm-1 in Phosphate Buffered Saline, pH 

7.4) [31]; and (ii) the protein concentration. We 

used the Modified Lowry Protein Assay Kit [32], or 

the BCA Protein Assay Kit [33] for protein quanti-

fication 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. 

 

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 mimick-

ing lipid rafts [34]. Briefly, the lipid mixtures were 

extruded through a 50-nm pore diameter polycar-

bonate membrane in an Avanti Mini-Extruder sys-

tem to produce LUVs. This procedure was 

performed at a temperature above the melting 

temperature of the lipid mixtures. The vesicle di-

ameter and the polydispersity index were con-

firmed by Dynamic Light Scattering. 

 

Fluorescence spectroscopy 

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 geom-

etry. 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 fluo-

rescent probe was Acrylodan or Atto 488, respec-

tively, 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 
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day of the fluorescent measurements. The emis-

sion spectra were recorded with excitation at 370 

nm and 480 nm, for the Httex1-23Q constructs la-

beled with Acrylodan and Atto 488, respectively. 

The fluorescence spectral center-of-mass, 〈𝜆〉, 

was calculated from the emission spectra, as [35]: 

〈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-Ac-

rylodan was recorded exclusively at 525 nm; and 

finally (iii) for Httex1-23Q-A2C-Acrylodan was de-

tected 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 emis-

sion, when the sample is excited with a vertical po-

larized light, respectively. The 𝐺 factor is given by 

the 𝐼𝐻𝑉 𝐼𝐻𝐻⁄  ratio (which are the components with 

horizontal excitation) and allows correction for the 

transmission efficiency of the monochromator to 

the polarization light. Blanks were always pre-

pared (buffer and lipid), and their data were sub-

tracted to the respective sample. For anisotropy, 

at least five measurements for each sample were 

performed, and the data are displayed as a mean 

with the respective standard deviation. 

 

Time-resolved fluorescence measurements 

Time-resolved fluorescence intensity and ani-

sotropy experiments were performed by the time-

correlated single-photon timing technique using a 

step-up previously described [36]–[38]. The setup 

holds a Jobin-Yvon HR320 monochromator with a 

cutoff filter and a Hamamatsu R-2809U micro-

channel plate photomultiplier. Here, we measured 

the samples previously characterized by steady-

state fluorescence (section 0). The Httex1-23Q la-

beled 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 decays (𝐼(𝑡)) were ac-

quired placing the emission polarizer at the magic 

angle (54.7º) relative to the vertically polarized ex-

citation beam. For the fluorescence anisotropy de-

cays, the parallel (𝐼𝑉𝑉) and perpendicular (𝐼𝑉𝐻) 

emission polarized components of the fluores-

cence were alternatively collected. The instrument 

response function (IRF) was recorded as excita-

tion light scattered by a Ludox solution (silica, col-

loidal water solution, Aldrich). Fluorescence 

intensity decays were acquired in 1024 channels. 

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 

University). The goodness of the fits was evalu-

ated from the Χ2 value (<1.4) and a random distri-

bution of weighted residuals and autocorrelation 

plots. 

The florescence intensity decays were ana-

lyzed assuming a sum of discrete exponential 

terms [39]: 

𝐼(𝑡) = ∑𝛼𝑖 exp (−
𝑡

𝜏𝑖
)

𝑛

𝑖=1

(3) 
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in which 𝛼𝑖 and 𝜏𝑖 are the amplitude and the life-

time of the ith decay component of fluorescence, 

respectively [36], [39]. 

The fluorescence anisotropy decays, 𝑟(𝑡), 

were analyzed by global fitting, where 𝑟(𝑡) is de-

scribed by a sum of discrete exponential terms 

[38], [39]: 

𝑟(𝑡) =∑𝛽𝑖 exp (−
𝑡

𝜙𝑖

)

𝑛

𝑖=1

(4) 

here, 𝛽𝑖 and 𝜙𝑖 represent the normalized ampli-

tude and the rotational correlation time of the ith 

anisotropy decay component, respectively [36], 

[39]. 

 

Results and discussion 

Production of single-labeled Httex1-23Q con-

structs 

The Httex1-23Q production was previously op-

timized in the host lab. Briefly, Httex1-23Q was ex-

pressed 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. 

The purification of tag-free Httex1-23Q com-

prised several steps: (1) a first IMAC was per-

formed to purify the mutated His6-SUMO-Httex1-

23Q fusion protein from the cell lysate; (2) the 

His6-SUMO tag was cleaved by His6-Ulp1 prote-

ase; (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. We obtained similar results 

for the different Httex1-23Q constructs and highly 

pure protein. 

The labeling with the fluorescent probes also 

occurred as expected. The labeled protein was 

analyzed by SDS-PAGE 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 quan-

tification, obtaining typical protein concentrations 

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

 

Fluorescence measurements of Httex1-23Q-

A2C and -A82C-Acrylodan 

This thesis aimed to evaluate the effects of dis-

tinct 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 con-

tent. 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 and stable bond under the 

conditions of the fluorescence measurements. 

This probe is also sensitive to the polarity of the 

solvent, in both fluorescent intensity and emission 

wavelength, which are dependent on the effective 

dielectric constant of the environment that sur-

rounds the probe (solvent) [40]. The bigger the po-

larity 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). 

Httex1-23Q does not contain any cysteine in its 

amino acid chains composition. To successfully 

label the protein with the fluorescent probes, a mu-

tagenesis consisting of a single amino acid substi-

tution was performed, replacing an alanine for a 

cysteine (that contains a thiol group) in two posi-

tions of the primary chain of Httex1-23Q (A2C and 

A82C), which correspond to the N- (Nt17) and C-
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terminal domain of the exon, respectively. The ab-

sence of naturally occurring cysteines on the exon 

allows for a specific labeling on the desired loca-

tion. The fluorescence properties of Acrylodan 

coupled to both regions were characterized 

through steady-state and time-resolved fluores-

cence measurements.  

We used LUVs composed of three different li-

pid mixtures: pure POPC, 1:1:1 SM:Chol:POPC 

and 25:75 POPC:POPS. The corresponding pa-

rameters obtained from the fluorescence emission 

spectra, including 〈𝜆〉 and the normalized inte-

grated area of the respective spectra, are pre-

sented in Figure 1. Additionally, in Figure 1 are 

also displayed the 〈𝑟〉 and 〈𝜏〉, which is also graph-

ically represented in Figure 2. 

 

Characterization of Httex1-23Q-A2C and -A82C in 

solution 

As previously mentioned, Acrylodan is a highly 

sensitive fluorescent probe that is affected by the 

polarity of the surrounding environment. The fluo-

rescent properties of Acrylodan (Figure 1) located 

at the Nt17 domain (Httex1-23Q-A2C construct) 

were slightly different from those observed at the 

PRR (Httex1-23Q-A82C construct). The 𝜆 max ob-

served for the A82C-labeled construct in solution 

is typical of disordered regions as previously re-

ported, where it has been shown to be around 530 

nm [41]. 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 so-

lution, 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 ex-

perienced by Acrylodan. This is a plausible expla-

nation for the slight decrease of 𝜆 max and the 

observed differences for the other parameters as 

well. 

 

Characterization of the Nt17 domain (Httex1-23Q-

A2C-Acrylodan) in the presence of lipid vesicles 

The Httex1-23Q-A2C-Acrylodan construct was 

used here to map changes in the local polarity 

within the Nt17 domain upon membrane interac-

tion. 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 in-

creasing the lipid concentration, the Acrylodan flu-

orescence intensity and the mean fluorescence 

lifetime increased. At 1 mM of POPC LUVs, there 

are noticeable differences in the fluorescent prop-

erties observed for the A2C construct when com-

pared to the solution state (in buffer). The blue-

shift (Figure 1(A)) in both 𝜆 max and 〈𝜆〉 indicate 

that Acrylodan is present in a less polar environ-

ment upon adding POPC vesicles. The values are 

somewhat consistent (at lower extents) to previ-

ous findings that showed similar results when a 

protein labeled with Acrylodan is embedded in a 

lipid layer [41]. 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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Figure 1 – Fluorescence properties of the (A, C) Httex1-23Q-A2C-Acrylodan and (B, D) Httex1-23Q-A82C-Acrylo-

dan-labeled constructs. Variations of (A-B) 〈𝜆〉, 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 concen-

tration 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. Character-

ization of the Nt17 domain (Httex1-23Q-A2C-Acrylodan) in the presence of lipid vesicles 

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 obtained for this ternary 

lipid mixture 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. However, the properties observed are 

available for comparison with the other lipid mix-

tures used in Figure 1 and Figure 2. The results 

obtained with 25:75 POPC:POPS LUVs show that 

the Httex1-23Q interaction with anionic lipid mem-

branes was of a greater extent when compared to 

POPC and 1:1:1 SM:Chol:POPC lipid vesicles. 
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Figure 2 – 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. 

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 [42]. In this work, the Httex1-

23Q-A82C construct was used to investigate the 

PRR region's behavior under different lipid mix-

tures and concentrations (Figure 1 and Figure 2). 

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 obtained 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 fluores-

cence lifetime remained practically unchanged. 

Altogether, these results show that PRR re-

mains exposed to the solvent Httex1-23Q is in the 

membrane-bound state, and in contrast the Nt17 

domain is directly involved in the membrane-bind-

ing of Httex1-23Q. 

 

Time-resolved fluorescence anisotropy 

measurement of Httex1-23Q-A2C 

and -A82C-Atto488 

The results obtained from the anisotropy de-

cays analysis of both Httex1-23Q-A2C and -A82C-

Atto488 constructs are summarized in Table 1. 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 (Atto488) that 

is typical of IDPs. In the presence of lipid mem-

branes, 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 didn´t detect 

significant variations in the anisotropy decays 

upon adding 1mM LUVs and for all lipid composi-

tions. This is consistent with our Acrylodan data 

that the PRR of Httex1 is not involved in the mem-

brane interaction, remining highly flexible/dynamic 

in the membrane-bound state. 
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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 (inde-

pendently of the lipid composition). 

 

Table 1 – 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 

75 mol% 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 

75 mol% POPS 0.388 0.218 0.176 0.170 0.887 1.205 0.056 0.056 

Conclusion and final remarks 

The results shows that Httex1-23Q-A2C-Acry-

lodan binds to LUVs composed of SM:Chol:POPC 

and pure POPC vesicles, revealing there is a hy-

drophobic component in this interaction and no 

preference for ordered phase. However, this inter-

action was lower than for POPS-containing vesi-

cles (data obtained previously by Dr. Tânia 

Sousa). Moreover, the data obtained 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. 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 li-

pid compositions). 
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