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Abstract: The protein ataxin-3 contains a polyglutamine stretch that triggers amyloid aggregation
when it is expanded beyond a critical threshold. This results in the onset of the spinocerebellar
ataxia type 3. The protein consists of the globular N-terminal Josephin domain and a disordered
C-terminal tail where the polyglutamine stretch is located. Expanded ataxin-3 aggregates via a
two-stage mechanism: first, Josephin domain self-association, then polyQ fibrillation. This highlights
the intrinsic amyloidogenic potential of Josephin domain. Therefore, much effort has been put into
investigating its aggregation mechanism(s). A key issue regards the conformational requirements
for triggering amyloid aggregation, as it is believed that, generally, misfolding should precede
aggregation. Here, we have assayed the effect of 2,2,2-trifluoroethanol, a co-solvent capable of
stabilizing secondary structures, especially α-helices. By combining biophysical methods and
molecular dynamics, we demonstrated that both secondary and tertiary JD structures are virtually
unchanged in the presence of up to 5% 2,2,2-trifluoroethanol. Despite the preservation of JD structure,
1% of 2,2,2-trifluoroethanol suffices to exacerbate the intrinsic aggregation propensity of this domain,
by slightly decreasing its conformational stability. These results indicate that in the case of JD,
conformational fluctuations might suffice to promote a transition towards an aggregated state without
the need for extensive unfolding, and highlights the important role played by the environment on
the aggregation of this globular domain.

Keywords: ataxin-3; josephin domain; 2,2,2-trifluoroethanol; amyloid aggregation; molecular
dynamics; protein-cosolvent interaction

1. Introduction

Spinocerebellar ataxia type 3 (SCA3) is one of the nine known polyglutamine (polyQ) diseases [1].
These disorders are caused by CAG triplet repeats over the critical threshold of about 50 in the coding
sequence of the respective gene. The only common feature among these disease-related proteins is
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the presence of a polyQ tract that triggers protein aggregation in the presence of the expansion [2,3].
The resulting intra-neuronal amyloid aggregates are the hallmark of the pathology.

Ataxin 3 (ATX3), the causative protein of SCA3, is a deubiquitinating enzyme localized to both the
nucleus and cytoplasm [4]. It consists of a globular N-terminal domain, called Josephin Domain (JD),
and a disordered C-terminal tail where the polyQ tract and one or two ubiquitin-interacting motifs are
located [5]. SCA3 onset is triggered by variants carrying more than 55 glutamines. The aggregation
process consists of two stages: The first is polyQ independent and occurs in all ATX3 variants, whereas
the second is only triggered by an expanded polyQ tract and results in final amyloid-like fibrils
generation [6–8]. However, the expanded polyQ tract does not significantly affect protein stability
but enhances local structural fluctuations of the flanking region, in particular of two critical α-helices
of the JD [8]. JD is known to have an intrinsic amyloidogenic potential, contributed to mainly by
residues Ile77-Gln78 and Trp87, which are part of JD ubiquitin binding sites [9,10]; although recent
computational studies also suggest that JD-JD binding might be mediated by other residues such as
Arg101, followed by a conformational rearrangement of the complete JD without significant secondary
structure changes [11–13]. Furthermore, experimental and computational studies focusing on the
interaction between JD and other proteins [11,13], or inorganic surfaces [14], pointed to the protein
environment as a crucial triggering factor for JD aggregation.

Solvent-protein interactions strongly influence the aggregation properties of proteins [15,16].
The fluorinated alcohol 2,2,2-trifluoroethanol (TFE) is perhaps the most used cosolvent to investigate
protein aggregation. The action of TFE can be accounted for by two major effects: (i) tertiary structure
disruption and (ii) secondary structure stabilization, especially α-helix. The stabilized secondary
structure is sequence dependent [17] and reflects the native composition [18]. The suggested molecular
mechanism relies upon an increase in the free energy of the random coil state, because TFE-water
mixtures are less able to solvate the amide group of the peptide backbone [19], which results in
reinforced intramolecular hydrogen bonds among amide groups [20]. At high TFE concentration,
the formation of partially folded states also occurs due to the disruption of hydrophobic contacts
in the protein core and this feature is usually exploited to promote protein aggregation [21,22];
however, in particular cases, the interactions between TFE and the protein instead protect it against
aggregation [23].

Here we report a combined experimental and computational study aimed at characterizing
the effects of TFE on JD conformation, stability and aggregation propensity. For this purpose,
circular dichroism (CD) was employed to evaluate JD secondary structure changes at different TFE
concentrations; spectroscopic analyses provided information on TFE effects before and after 24 h
of co-incubation; transmission electron microscopy (TEM) and Fourier transform infrared (FTIR)
spectroscopy, informed about the morphological and structural properties of JD aggregates, formed
in the presence and the absence of TFE, and chemical and thermal denaturations on the impact of
this co-solvent on JD stability. Molecular modeling was employed to investigate how TFE may affect
secondary structure and conformational arrangement of the JD. Moreover, from the atomic resolution
trajectories, residues most likely involved in JD-TFE binding were identified.

Thanks to the above-mentioned multidisciplinary approach, this work sheds light on the role
of the protein environment on amyloidogenesis by exploring how TFE-JD interactions lead to JD
aggregation prior to protein misfolding.

2. Results

2.1. TFE Increases the α-Helix Content of the Josephin Domain

TFE is known for its capability to stabilize secondary structures, preferentially α-helices, whereas
hydrophobic interactions are stabilized only at the lowest concentrations and impaired at the
highest [24]. Recently, it has been demonstrated that the aggregation of expanded ATX3 starts from
a critical α-helix located in the JD structure (presented in Figure 1) that turns into a β-sheet after an
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aberrant interaction with other ATX3 monomers. For this reason, we decided to assess whether TFE is
capable to modulate ATX3 aggregation via α-helix stabilization.Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  3 of 17 
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structure is 1ZYB with tryptophan residues highlighted in blue. The figure was prepared with PyMOL. 
Red: Helices; yellow: beta-strands; green: disordered stretches. 

To monitor the effects of TFE on JD structure, we recorded CD spectra in the far and near UV 
(Figure 2A,B) in the presence of 0%, 1%, 2%, 5%, 10%, 20% TFE. As reported in Figure 2A, the 
untreated JD structure is mainly α-helical although it also displays a significant β-sheet content, in 
keeping with a previous report [25]. After TFE addition, we observed an increase in the α-helix signal. 
However, although the α-helical content increased with increasing TFE, the changes in the CD spectra 
were rather moderate up to 10% of the co-solvent, resembling those of the untreated protein. In the 
near UV, the signal decreased with increasing TFE, but the CD spectra remained similar to that of the 
untreated sample up to 5% of the co-solvent (Figure 2B). The near UV signal was severely affected in 
the presence of 10% and 20% TFE, indicating significant tertiary structure loss; therefore, we decided 
to perform all the subsequent experiments using TFE in the range 0–5%, since our aim was to study 
the aggregation of JD starting from native-like conformations. 
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different JD-TFE ratios were considered: 1:0 (JD-TFE1:0); 1:10 (JD-TFE1:10), which reproduces the 

Figure 1. Ribbon representation of the JD structure. The Protein Data Bank accession code for the
structure is 1ZYB with tryptophan residues highlighted in blue. The figure was prepared with PyMOL.
Red: Helices; yellow: beta-strands; green: disordered stretches.

To monitor the effects of TFE on JD structure, we recorded CD spectra in the far and near UV
(Figure 2A,B) in the presence of 0%, 1%, 2%, 5%, 10%, 20% TFE. As reported in Figure 2A, the untreated
JD structure is mainly α-helical although it also displays a significant β-sheet content, in keeping with
a previous report [25]. After TFE addition, we observed an increase in the α-helix signal. However,
although the α-helical content increased with increasing TFE, the changes in the CD spectra were
rather moderate up to 10% of the co-solvent, resembling those of the untreated protein. In the near UV,
the signal decreased with increasing TFE, but the CD spectra remained similar to that of the untreated
sample up to 5% of the co-solvent (Figure 2B). The near UV signal was severely affected in the presence
of 10% and 20% TFE, indicating significant tertiary structure loss; therefore, we decided to perform all
the subsequent experiments using TFE in the range 0–5%, since our aim was to study the aggregation
of JD starting from native-like conformations.
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The impact of TFE on JD structure was also assessed using molecular dynamics (MD).
Three different JD-TFE ratios were considered: 1:0 (JD-TFE1:0); 1:10 (JD-TFE1:10), which reproduces
the experimental concentration of 5% TFE; and 1:100 (JD-TFE1:100), reproducing an excess of TFE in
solution. Outcomes from MD highlight a significant effect of TFE in modifying secondary structures
of JD towards a higher α-helix content, along with a reduction in unstructured coils (Figure 3).
Analysis of MD equilibrium trajectories indicated an α-helix content equal to 31% for the JD-TFE1:0

system, 37% for a JD-TFE1:10 and 39% in JD-TFE1:100. Secondary Structure Probability plots provide the
ability to focus the attention on protein dynamics so as to investigate local protein areas responsible
for the above-mentioned secondary structure changes. Figure 4 shows the JD secondary structure
probability calculated over the last 20 ns of each MD trajectory. The secondary structure was proven to
be reasonably conserved in JD-TFE1:0, with the exception of α2 and slightly in α3, in agreement with
data reported earlier in the literature (11–13). In the case of JD-TFE1:10, a significant increase in α-helix
content was detected and localized in α2. In the case of JD-TFE1:100, a significant modification of the
secondary structure of helix α3 towards an unstructured coil and a stabilized α2 helix was instead
observed. Therefore, the local JD structural modifications depend on the JD-TFE ratio. α3 structural
modifications have shown to be highly correlated with JD tertiary structure arrangement (11–13);
therefore, an excess of TFE is predicted to influence more profoundly JD tertiary structure, in agreement
with the experimental observations. It is interesting to notice that MD simulations of this work did
not highlight a direct influence of TFE on α4 conformation. Although α4 has been identified as an
important aggregation-prone region, our recent computational work suggests that the α4 hydrophobic
patch, Leu84-Trp87, may undergo conformational changes and exposure to the solvent when triggered
by JD-JD binding [11], due to a non-local correlation with residues Arg101–Arg103.
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2.2. Low TFE Concentrations Do Not Significantly Alter JD Structure

To better understand the effect of TFE on protein tertiary structure, we monitored Trp fluorescence
after the addition of co-solvent at 0%, 1%, 2%, 5% concentrations to a solution of 80 µM freshly
purified JD. As reported in Figure 5A, there was a concentration-dependent decrease of Trp spectral
maxima; however, the maximum did not shift significantly to lower wavelengths, indicating that
JD-Trp residues are located in a similar environment. Further characterization of the exposure
of hydrophobic clusters to the solvent in the presence of TFE by monitoring the changes in
4,4′-Dianilino-1,1′-Binaphthyl-5,5′-Disulfonic Acid (bisANS) fluorescence confirms that the co-solvent
does not promote a significant opening of the globular structure (Figure 5B). Consistent with
these results, the one-dimensional NMR (1H-NMR) spectra of the JD in the presence of TFE up
to 5% displayed a wide signal dispersion of resonances with good peak sharpness, characteristic of
folded molecules (Figure 5C).
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Figure 5. JD spectral properties immediately after TFE addition. (A) Tryptophan intrinsic fluorescence
of freshly purified JD in the presence of 0%, 1%, 2% and 5% TFE (v/v); (B) BisANS binding assays
of freshly prepared JD after the addition of 0%, 1%, 2% and 5% TFE (v/v); (C) 1H-NMR titration.
Spectra recorded in solution containing 0% (i), 1 (ii), 2 (iii) and 5 (iv) % TFE. All the measurements were
performed at 25 ◦C.

2.3. JD-TFE Binding Sites

The most likely TFE-binding sites on the JD have been identified by MD trajectories. The lowest
TFE concentration, which was shown to largely preserve JD tertiary structure, was considered for
this analysis. It is interesting to notice that TFE binding sites are located in the JD hairpin domain.
Major contacts (Figure 6) are located on α2 and in the connection loop between α2–α3. Noteworthy,
α2 and α3 are also the regions in JD that suffer larger secondary structure modifications (Figure 4) in
the presence of TFE, according to MD.

It is also worth noting that TFE behaves as a solvent that dynamically binds to and detaches
from the JD structure, due to the low affinity, corresponding to a binding free energy comparable with
thermal fluctuations (Supplementary Movie). Therefore, the contact probability plots are, in this case,
meaningful since they provide information on the most sampled TFE-JD binding area (Figure 6).
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2.4. TFE Promotes JD Aggregation

To monitor if TFE influences the intrinsic aggregation propensity of JD, solutions of 80 µM freshly
purified JD in the presence of 0%, 1%, 2% and 5% TFE were incubated for 0 and 24 h at 37 ◦C under
static conditions. We first monitored the presence of aggregates in fresh and incubated samples by
measuring orthogonal light scattering (Figure 7A,B). A large increase in light scattering signal was
observed upon incubation under all conditions: In particular, the amount of aggregates in the solution
were directly related to TFE concentration, the higher amount being detected at 5% TFE. An aliquot
of each incubated sample was centrifuged to separate the soluble fraction, which was then subjected
to SDS-PAGE and densitometric analysis. This revealed that after 24 h, about 44% of protein in the
untreated sample was still soluble, but only 5% remained soluble at 1% TFE and none at 2% and
5% TFE (Figure 7C,D).

Next, we monitored the ability of the different solutions to bind Congo red (CR), a dye typically
used to detect amyloid assemblies by monitoring the typical signal shift at 540 nm upon binding.
In fresh samples, the binding to CR was low and no differences between solution conditions were
observed. In contrast, and in excellent agreement with the SDS-PAGE analysis, upon incubation,
the protein bound more strongly to CR in the presence of water-TFE mixture than it did in pure water
(Figure 7E,F).

We then proceeded with the morphological analysis of the aggregates formed after 24 h of
incubation by TEM (Figure 8A–D). Clearly, on increasing TFE concentration, a strong increase in
aggregated material ensued. In the presence of TFE, aggregated JD tended to cluster together
forming large meshes. We next analyzed the structural features of these aggregates using FTIR and
recording the amide I region of the spectra, corresponding to the absorption of the carbonyl peptide
bond. Measurements were performed in the attenuated total reflection (ATR) mode, which required
solvent evaporation, including TFE. After spectra deconvolution, it was possible to quantify peaks
corresponding to each secondary structure, thus calculating their relative contribution to the absorbance
signal (Figure 8E–I,L–N and Table S1). We compared the spectra of fresh and incubated samples.
Under all conditions, the peak at 1657 cm−1, corresponding to α-helix, dominated the spectrum
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followed by a peak at 1635 cm−1 assigned to the native β-sheet. At zero time, all samples exhibited
a similar secondary structure content. However, upon incubation, all samples experienced similar
structural changes, with the β-sheet signal shifting towards 1628 cm−1 and a novel signal appearing at
1687 cm−1. These signatures are consistent with the formation of novel intermolecular and antiparallel
amyloid-like β-sheets.

Finally, we assessed whether TFE also affected the protein aggregation rate, irrespective of its
impact on the amount of final aggregates. The aggregation kinetics of 40 µM JD in the presence of
0%, 1%, 2% and 5% TFE at 37 ◦C were recorded by monitoring changes in the fluorescent signal
of Thioflavin T (ThT), a dye that increases its fluorescence when it binds to intermolecular β-sheets.
As reported in Figure 9, TFE accelerated the aggregation reaction in a concentration-dependent manner.
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Figure 7. TFE-induced aggregation of JD after a 24-h incubation at 37 ◦C at the indicated concentrations
of the osmolyte (v/v), as assessed by different spectral measurements. Light scattering of 80 µM freshly
prepared (A) JD and after 24 h of incubation (B) in the presence of 0%, 1%, 2% and 5% TFE (v/v);
(C) SDS-PAGE of the soluble fraction of JD incubated for 24 h in the presence of 0%, 1%, 2% and
5% (v/v) TFE. Gels were stained using the BluSafe Reagent; (D) densitometric analysis of SDS-soluble
band of total and soluble fraction. Bars represent standard deviations. Congo red binding assay of
freshly prepared (E) JD and after 24 h of incubation (F) in the presence of 0%, 1%, 2% and 5% TFE (v/v).
Data are represented as differential spectra relative to 0 time. All the measurements were performed at
25 ◦C.
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The aggregation was monitored following the ThT fluorescence signal at 37 ◦C for 500 min (λex:
445 nm; λem: 535 nm).
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2.5. TFE Impacts on JD Thermal Stability

We have shown that concentrations as low as 2% TFE suffice to dramatically increase the
aggregation propensity of JD, even though they impact only marginally on its structure. A possibility
is that TFE would act by decreasing the conformational stability of the globular domain. Therefore,
we analyzed the resistance of JD against chemical denaturation in the presence of 0%, 1%, and 2% TFE.
The chemical denaturation curves at equilibrium were followed at 25 ◦C by monitoring the changes
in Trp intrinsic fluorescence at 360 nm (Figure 10A) at increasing guanidinium chloride (GuHCl)
concentrations. The JD displayed a single observable transition under all conditions. We could not
find any significant destabilization in the presence of TFE, with [GuHCl]50% values of 2.44 M, 2.56 M
and 2.35 M in the absence and in the presence of 1% and 2% TFE, respectively. Yet, it can be that
this co-solvent might still impact the thermal stability of the protein. We thus monitored JD thermal
unfolding by far UV CD at 222 nm and Trp intrinsic fluorescence at 350 nm (Figure 10B,C). We followed
the unfolding in the temperature range 20–80 ◦C, with a heating rate of 1 ◦C/min. When monitoring
far UV signal of JD in PBS, we observed a conformational transition between 45 and 65 ◦C with a
melting temperature (Tm) of approximately 60 ◦C. TFE promoted a drop in Tm by about 4 ◦C at 1% TFE
and 6 ◦C at 2% (Figure 10B). When monitoring Trp fluorescence, the main transition in the absence of
TFE occurred between 45 and 55 ◦C, with a Tm of approximately 50 ◦C. This indicates that the loss of
secondary and tertiary structure are uncoupled, the tertiary structure being lost first. Indeed, at 60 ◦C all
the tertiary structure is lost whereas the protein still displays 50% of secondary structure. The presence
of 1% or 2% TFE only slightly decreases the Tm, i.e., to about 47 and 45 ◦C, respectively (Figure 10C).
Thus, TFE only marginally affects JD thermal stability. Importantly, aggregation reactions were
monitored at 37 ◦C, a condition that in all cases is paralleled by the pre-transition state. This further
confirms that JD is properly folded in the presence of 1% and 2% TFE.
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Figure 10. Chemical and thermal stability of JD in the presence of different TFE concentrations.
(A) Equilibrium unfolding curves induced by GuHCl in the presence of 0%, 1% and 2% of TFE (v/v).
Fluorescence emission were recorded at 25 ◦C and emission signal at 360 nm were plotted as function
of denaturant concentration. (B) Thermal unfolding monitored by far-UV CD at 222 nm. Profiles were
recorded at a rate of 1 ◦C/min in the presence of 0%, 1%, 2% and 5% of TFE (v/v). (C) Thermal
unfolding monitored by fluorescence recording the tryptophan signal at 350 nm at a rate of 1 ◦C/min
in the presence of 0%, 1%, 2% and 5% of TFE (v/v).

3. Discussion

In the treatment of amyloid-related neurodegenerative diseases, the prevention of protein
aggregation represents one feasible strategy. ATX3 is a polyQ-containing, aggregation-prone protein
that triggers SCA3 when its polyQ stretch exceeds a critical threshold [1]. Its aggregation process
consists of two stages: The first is polyQ independent and leads to proto-fibrillar aggregates, whereas
in the second the polyQ tract drives the formation of final amyloid aggregates [10,26]. Recently,
a major role in this process has been assigned to a specific α-helix of the JD (α4) that is converted into
β-sheet after aberrant interactions with other JD monomers, irrespective of the presence of a polyQ
stretch [10]. Earlier, our computational investigation [11] suggested that, α4, and, in particular the
hydrophobic region Leu84-Trp87, may undergo conformational changes and exposition to the solvent
as a consequence of the JD-JD binding.

To check whether the helical stability might modulate the aggregation of ATX3, we assessed the
effect of TFE on the JD, exploiting the well-known capability of this co-solvent to stabilize helical
protein regions [17,18,23,24,27]. We used JD in isolation just because the aggregation starts from this
ATX3 domain, also determining the shape and structure of the final fibrils [28]. The TFE concentrations
we employed here were no greater than 5%, which is generally half the concentration employed in
other protein aggregation studies [23,29–31]. These working concentrations were chosen taking into
account that at 10% and 20% TFE the CD spectra revealed a loss in tertiary structure, although they also
detected an increase in α-helix signal, which is consistent with the mechanism action of TFE [32,33].
All the subsequent analyses were therefore performed at 1%, 2% and 5% TFE, so as to select conditions
whereby it might stabilize α-helices while preserving the tertiary structure. This is especially true
in the presence of 1% and 2% TFE, where intrinsic and bisANS fluorescence, as well as near and
far CD, 1H-NMR spectra and thermal denaturation data, all converge to indicate that TFE promotes
the population of a native-like state largely indistinguishable from the original native conformation.
Similar effects were previously observed in the case of acylphosphatase [29,30].

The molecular modeling experiments devised to analyze JD-TFE interactions indicated that the
interactions between the protein and the co-solvent are weak and transient in such a way that the effects
of TFE on protein conformation and dynamics are mediated by its influence on the chemical-physical
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properties of the aqueous solvent; however, our experimental data indicate that this local stabilization
does not prevent or impairs the capability of JD to undergo aggregation.

Surprisingly, the presence of 1% TFE sufficed to drastically increase both the aggregation kinetics
of JD and the final amount of aggregated amyloid-like material, as monitored by light scattering, CR
and ThT binding, SDS and TEM. This co-solvent concentration is one order of magnitude lower than
the one used in most aggregation studies [21,22], and to the best of our knowledge, the lower TFE
concentration has shown to impact the aggregation behavior of a globular protein. This reflects the
exquisite sensitivity of JD aggregation to the environment.

Overall, our data are in agreement with those by Ruggeri and coworkers [34], who reported
that ATX3 aggregation conforms to a novel, recently described pathway of amyloid aggregation,
whereby aggregation precedes misfolding [35]. According to the model, globular protein aggregation
starts from a native-like state without the need for crossing the high-energy barrier associated with
misfolding events. The observed JD pro-aggregational effect of very low TFE concentrations can be
explained in this context. In these solution conditions, the global protein conformation is maintained;
still, the structure is slightly destabilized. This would allow larger/more frequent thermal fluctuations
and thus the sampling of new native-like states with increased aggregation propensity, without a need
for major unfolding events. Our results immediately suggest that drugs able to bind to the JD in ATX3,
stabilizing this globular domain and minimizing its thermal fluctuations, might represent promising
compounds to fight SCA3.

4. Materials and Methods

4.1. Josephin Domain Purification

The JD-encoding gene was previously cloned in a pET21-a vector and the protein was expressed
in Escherichia coli BL21 Tuner (DE3) pLacI (E. coli B F ompT hsdSB (rB mB) gal dcm lacY1(DE3)
pLacI (CamR); Novagen, Darmstadt, Germany) as a His-tagged protein (16). Cells were grown at
37 ◦C in Luria Bertani—ampicillin medium and protein expression was induced adding 0.1 mM
isopropyl-β-D-1-thiogalattopyranoside at OD600 0.8 for 3 h at 30 ◦C. Cells were resuspended in
5 mL/g wet weight of lysis buffer (25 mM potassium phosphate, pH 7.2, 150 mM NaCl, 0.5 mM
phenylmethanesulfonyl fluoride, 10 mM imidazole, 10% glycerol, 1 mM 2-mercaptoethanol, 2 µg/mL
aprotinin, 5 mM benzamidine, 1 µg/mL pepstatin A), incubated for 30 min at 4 ◦C under shaking and
further sonicated. After DNase I (0.2 mg/g of cells, wet weight) addition, cell suspension was incubated
30 min at room temperature, then centrifuged 45 min at 20,000× g. His-tagged JD was purified with
a HisTrap FF Column (GE Healthcare, Chicago, IL, USA) previously equilibrated in washing buffer
(25 mM potassium phosphate, pH 7.2, 150 mM NaCl, 2 mM phenylmethanesulfonyl fluoride, 10 mM
imidazole, 10% glycerol, 1 mM 2-mercaptoethanol). Before injection, the sample was filtered through
a 0.45 µM pore membrane. Protein was eluted with elution buffer (25 mM potassium phosphate,
pH 7.2, 150 mM NaCl, 2 mM phenylmethanesulfonyl fluoride, 150 mM imidazole, 10% glycerol, 1 mM
2-mercaptoethanol), then subjected to Sephadex G-25 PD10 desalting column previously equilibrated
with PBS (25 mM potassium phosphate, pH 7.2, 150 mM NaCl). Protein concentration was determined
by UV absorption, using an extinction coefficient at 280 nm of 24,750 M−1·cm−1.

4.2. Josephin Domain Aggregation and Soluble Fraction Analysis

Freshly purified JD was diluted to a final concentration of 80 µM in PBS in the presence of 0%, 1%,
2%, 5% TFE (v/v) and incubated 24 h at 37 ◦C in static conditions. For soluble fraction analysis, 15 µL
of fresh and incubated protein was centrifuged for 15 min at 14,000× g and 3 µL of the supernatant
was subjected to SDS-PAGE. For total fraction analysis, 3 µL of the protein mixtures were subjected
to SDS-PAGE before centrifugation. The gels were stained with BluSafe® (Thermo Fischer scientific,
Waltham, MA, USA) for 30 min at room temperature.
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4.3. Spectroscopic Methods

CD measurements were performed in PBS at 25 ◦C using quarz cuvettes with 1 mm path length
on a Jasco-810 spectropolarimeter equipped with a PTC-348 Peltier temperature-control system (Jasco,
Easton, MD, USA). Protein concentration was 15 µM for far UV and 60 µM for near UV. Thermal
unfolding was monitored by collecting the CD signal at 222 nm at temperatures increasing from
20 ◦C to 80 ◦C at 1 ◦C/min. Fluorescence measurement was performed in PBS at 25 ◦C using a 1 cm
path length quartz cuvette on a Jasco FP-8200 spectrofluorometer equipped with a PTC-348 Peltier
temperature-control system. Protein spectra were recorded by exciting the sample at 280 nm and
detecting the emission in the range 300 to 400 nm. Each trace was the average of three accumulated
spectra. Thermal unfolding was performed monitoring the signal at 350 nm and increasing the
temperature from 20 ◦C to 80 ◦C at 1 ◦C/min. JD concentration was 20 µM. Light scattering of fresh
and preincubated JD was performed by exciting the sample at 330 nm and recording the emission
from 320 to 340 nm. Each trace was the average of three accumulated spectra at 25 ◦C.

4.4. Congo Red Binding

JD incubated for 24 h at 37 ◦C in the presence of 0%, 1%, 2%, 5% TFE (v/v) was diluted at 20 µM
in PBS in the presence of 20 µM CR. Optical absorption spectra were recorded from 400 to 700 nm at
room temperature on a Specord® 200 plus (Analytik Jena, Jena, Germany). Spectra of protein and CR
alone were recorded to subtract protein scattering and dye contribution.

4.5. bis-ANS Binding

Fresh and incubated JD was prepared at a final concentration of 80 µM in PBS in the presence of
0%, 1%, 2%, 5% TFE (v/v) and 25 µM 4,4′-Dianilino-1,1′-binaphthyl-5,5′-disulfonic acid dipotassium
salt (bis-ANS) was added. Samples were excited at 370 nm and spectra were recorded following the
emission from 400 to 600 nm at 25 ◦C in a Jasco FP-8200 spectrofluorometer equipped with a PTC-348
Peltier temperature-control system. A 1 cm path length quartz cuvette was used. Each trace was the
average of the three spectra.

4.6. Aggregation Kinetics

Freshly purified JD was prepared at 80 µM in PBS in the presence of 0%, 1%, 2%, 5% TFE (v/v)
and ThT was added at a final concentration of 25 µM. 200 µL of reaction mixture was loaded in 96-well
plate and followed for 500 min at 37 ◦C in a Victor TM3 multilabel plate reader (Perkin Elmer, Waltham,
MA, USA). Each reaction was prepared in triplicate. The signal at 535 nm, after excitation at 445 nm,
was recorded every 3 min.

4.7. Fourier Transform Infrared Spectroscopy

Five (5) µL of fresh and aggregated JD at 80 µM in PBS in the presence of 0%, 1%, 2% and 5% TFE
(v/v) was deposited on the diamond element of a Bruker Tensor 27 FTIR spectrometer (Bruker, Billerica,
MA, USA). Measurements were performed in ATR mode after solvent evaporation. Data are reported
as absorbance profile and fitted with a Gaussian distribution.

4.8. Transmission Electron Microscopy

For TEM analyses, aggregated JD in the presence of 0%, 1%, 2%, 5% TFE (v/v) was diluted to a
final concentration of 10 µM in PBS. 10 µL of sample was deposited on a carbon-coated copper grid
and incubated for 5 min at room temperature. The grid was than washed with distilled water, stained
1 min with 2% uranyl acetate (v/v) and analyzed with a H-7000 transmission electron microscope
(HITACHI, Tokyo, Japan) operating at an accelerating voltage of 75 kV.
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4.9. Molecular Dynamics

The 1YZB model [25,36], determined by NMR technique and extensively validated in
literature [25,36], was considered for the present work. Moreover, the 1YZB has been considered
as the starting structure in all previous computational investigations focused on the JD of
ATX3 [11,12,14,37,38]. AMBER99-ILDN force-field [39–41] was chosen to describe protein topology.
The General Amber Force Field, GAFF, [42,43] and TIP3P model [44] were employed for TFE and water
molecules, respectively. Partial charges of TFE were obtained using the AM1-BCC method [45,46].
Three different systems were considered: JD alone in water, a system composed by 1 JD and
10 TFE dispersed in water solution (JD:TFE ratio 1:10, reproducing the experimental concentration
of TFE = 5% v/v), and a system composed by 1 JD and 100 TFE dispersed in water solution (JD:TFE
ratio 1:100, reproducing an excess of TFE in solution). Each molecular system was solvated in a
cubic box of 8 × 8 × 8 nm3, resulting in a molecular system of about 50,000 interacting particles.
The neutralized system was first minimized by 1000 steps of the steepest descent energy minimization
algorithm. Then, to increase the statistics of MD data, five replicas, differing in initial atom velocities,
were created from each minimized system. Two preliminary position restraint MD simulations of
100 ps were carried out in NVT and NPT ensemble, respectively, where the heavy atoms of the
proteins were restrained using a force constant of 1000 kJ·mol−1·nm−2. During the first restrained
MD simulation, involving 100 ps of MD in the NVT ensemble, protein and non-protein atoms were
coupled separately to temperature baths using v-rescale coupling algorithm [47] with a coupling time
of 1 ps. Subsequently, the second restrained MD simulation of 100 ps was performed by keeping
the pressure at 1 bar by applying Berendsen’s weak coupling method [48] with a time constant
of 5 ps. Finally, the production MD was performed in NPT ensemble for 200 ns. The v-rescale
algorithm [47] was again used to maintain the system’s temperature at 300 K (τT = 0.1 ps) and
the pressure was maintained at 1 bar using the Parrinello-Rahman [49,50] barostat (τT = 2 ps) in
the isobaric-isochoric ensemble with long-range dispersion correction applied for both the energy
and pressure terms. Electrostatic interactions were calculated at every step with the Particle-Mesh
Ewald method with a short-range electrostatic interaction cut off of 1.0 nm. A cut-off of 1.0 nm
was also applied to Lennard-Jones interactions. The LINCS algorithm [51] approach allowed an
integration time step of 2 fs. The Visual Molecular Dynamics (VMD) [52] package was used for the
visual inspection of the simulated systems. GROMACS 4.6 package was used for all MD simulations
and data analysis [53]. The JD residues mainly responsible for the interaction with TFE have been
identified by contact probability plots [11]. The secondary structure of the protein has been calculated
by the STRIDE software [54] on several snapshots along the simulation time at the conformational
equilibrium, as done in previous studies [11–13,55,56]. Two descriptors were considered to identify
the JD conformational properties: The JD Radius of Gyration (RG), and the hairpin angle, successfully
employed in recent literature to describe the sampling of JD conformations [12,38].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/8/
2151/s1.

Author Contributions: C.V. and S.N. performed the biophysical experiments and revised the manuscript; G.G.
planned and performed the biocomputational experiments, wrote and edited the manuscript; M.E.R. critically
assessed the results, revised the manuscript; M.A.D. conceived and supervised the biophysical experimentation,
critically assessed the results, wrote and edited the manuscript; P.T. critically assessed the results, wrote and
edited the manuscript; S.V. conceived the overall layout of the work, supervised the biophysical experimentation,
critically assessed the results and wrote the manuscript.

Funding: This study was supported by the Spanish Ministry of Economy and Competitiveness
BIO2016-783-78310-R to S.V. and by ICREA, ICREA-Academia 2015 to S.V., and by the the Swiss National
Supercomputing Centre (CSCS).

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2018, 19, 2151 15 of 17

References

1. Cummings, C.J.; Zoghbi, H.Y. Trinucleotide repeats: Mechanisms and pathophysiology. Annu. Rev. Genom.
Hum. Genet. 2000, 1, 281–328. [CrossRef] [PubMed]

2. Ross, C.A.; Poirier, M.A. Opinion: What is the role of protein aggregation in neurodegeneration? Nat. Rev.
Mol. Cell Biol. 2005, 6, 891–898. [CrossRef] [PubMed]

3. Todd, T.W.; Lim, J. Aggregation formation in the polyglutamine diseases: Protection at a cost? Mol. Cells
2013, 36, 185–194. [CrossRef] [PubMed]

4. Kawaguchi, Y.; Okamoto, T.; Taniwaki, M.; Aizawa, M.; Inoue, M.; Katayama, S.; Kawakami, H.;
Nakamura, S.; Nishimura, M.; Akiguchi, I. CAG expansions in a novel gene for Machado-Joseph disease at
chromosome 14q32.1. Nat. Genet. 1994, 8, 221–228. [CrossRef] [PubMed]

5. Masino, L.; Musi, V.; Menon, R.P.; Fusi, P.; Kelly, G.; Frenkiel, T.A.; Trottier, Y.; Pastore, A. Domain architecture
of the polyglutamine protein ataxin-3: A globular domain followed by a flexible tail. FEBS Lett. 2003, 549,
21–25. [CrossRef]

6. Ellisdon, A.M.; Pearce, M.C.; Bottomley, S.P. Mechanisms of ataxin-3 misfolding and fibril formation: Kinetic
analysis of a disease-associated polyglutamine protein. J. Mol. Biol. 2007, 368, 595–605. [CrossRef] [PubMed]

7. Ellisdon, A.M.; Thomas, B.; Bottomley, S.P. The two-stage pathway of ataxin-3 fibrillogenesis involves a
polyglutamine-independent step. J. Biol. Chem. 2006, 281, 16888–16896. [CrossRef] [PubMed]

8. Saunders, H.M.; Gilis, D.; Rooman, M.; Dehouck, Y.; Robertson, A.L.; Bottomley, S.P. Flanking domain
stability modulates the aggregation kinetics of a polyglutamine disease protein. Protein Sci. 2011, 20,
1675–1681. [CrossRef] [PubMed]

9. Masino, L.; Nicastro, G.; Menon, R.P.; Dal Piaz, F.; Calder, L.; Pastore, A. Characterization of the structure
and the amyloidogenic properties of the Josephin domain of the polyglutamine-containing protein ataxin-3.
J. Mol. Biol. 2004, 344, 1021–1035. [CrossRef] [PubMed]

10. Lupton, C.J.; Steer, D.L.; Wintrode, P.L.; Bottomley, S.P.; Hughes, V.A.; Ellisdon, A.M. Enhanced Molecular
Mobility of Ordinarily Structured Regions Drives Polyglutamine Disease. J. Biol. Chem. 2015, 290, 24190–24200.
[CrossRef] [PubMed]

11. Deriu, M.A.; Grasso, G.; Licandro, G.; Danani, A.; Gallo, D.; Tuszynski, J.A.; Morbiducci, U. Investigation
of the Josephin Domain Protein-Protein Interaction by Molecular Dynamics. PLoS ONE 2014, 9, e108677.
[CrossRef] [PubMed]

12. Deriu, M.A.; Grasso, G.; Tuszynski, J.A.; Gallo, D.; Morbiducci, U.; Danani, A. Josephin Domain Structural
Conformations Explored by Metadynamics in Essential Coordinates. PLoS Comput. Biol. 2016, 12, e1004699.
[CrossRef] [PubMed]

13. Grasso, G.; Tuszynski, J.A.; Morbiducci, U.; Licandro, G.; Danani, A.; Deriu, M.A. Thermodynamic and
kinetic stability of the Josephin Domain closed arrangement: Evidences from replica exchange molecular
dynamics. Biol. Direct 2017, 12, 2. [CrossRef] [PubMed]

14. Apicella, A.; Soncini, M.; Deriu, M.A.; Natalello, A.; Bonanomi, M.; Dellasega, D.; Tortora, P.; Regonesi, M.E.;
Casari, C.S. A hydrophobic gold surface triggers misfolding and aggregation of the amyloidogenic Josephin
domain in monomeric form, while leaving the oligomers unaffected. PLoS ONE 2013, 8, e58794. [CrossRef]
[PubMed]

15. Fioroni, M.; Diaz, M.D.; Burger, K.; Berger, S. Solvation phenomena of a tetrapeptide in
water/trifluoroethanol and water/ethanol mixtures: A diffusion NMR, intermolecular NOE, and molecular
dynamics study. J. Am. Chem. Soc. 2002, 124, 7737–7744. [CrossRef] [PubMed]

16. Wei, G.; Shea, J.-E. Effects of solvent on the structure of the Alzheimer amyloid-beta(25–35) peptide. Biophys. J.
2006, 91, 1638–1647. [CrossRef] [PubMed]

17. Schönbrunner, N.; Wey, J.; Engels, J.; Georg, H.; Kiefhaber, T. Native-like β-structure in a
Trifluoroethanol-induced Partially Folded State of the All-β-sheet Protein Tendamistat. J. Mol. Biol. 1996,
260, 432–445. [CrossRef] [PubMed]

18. Buck, M. Trifluoroethanol and colleagues: Cosolvents come of age. Recent studies with peptides and proteins.
Q. Rev. Biophys. 1998, 31, 297–355. [CrossRef] [PubMed]

19. Cammers-Goodwin, A.; Allen, T.J.; Oslick, S.L.; McClure, K.F.; Lee, J.H.; Kemp, D.S. Mechanism of
Stabilization of Helical Conformations of Polypeptides by Water Containing Trifluoroethanol. J. Am.
Chem. Soc. 1996, 118, 3082–3090. [CrossRef]



Int. J. Mol. Sci. 2018, 19, 2151 16 of 17

20. Myers, J.K.; Nick Pace, C.; Martin Scholtz, J. Trifluoroethanol effects on helix propensity and electrostatic
interactions in the helical peptide from ribonuclease T1. Protein Sci. 2008, 7, 383–388. [CrossRef] [PubMed]

21. Srisailam, S.; Kumar, T.K.S.; Rajalingam, D.; Kathir, K.M.; Sheu, H.-S.; Jan, F.-J.; Chao, P.-C.; Yu, C.
Amyloid-like fibril formation in an all beta-barrel protein. Partially structured intermediate state(s) is
a precursor for fibril formation. J. Biol. Chem. 2003, 278, 17701–17709. [CrossRef] [PubMed]

22. Pallarès, I.; Vendrell, J.; Avilés, F.X.; Ventura, S. Amyloid fibril formation by a partially structured intermediate
state of alpha-chymotrypsin. J. Mol. 2004, 342, 321–331. [CrossRef] [PubMed]

23. Marinelli, P.; Castillo, V.; Ventura, S. Trifluoroethanol Modulates Amyloid Formation by the All α-Helical
URN1 FF Domain. Int. J. Mol. Sci. 2013, 14, 17830–17844. [CrossRef] [PubMed]

24. Povey, J.F.; Smales, C.M.; Hassard, S.J.; Howard, M.J. Comparison of the effects of 2,2,2-trifluoroethanol on
peptide and protein structure and function. J. Struct. Biol. 2007, 157, 329–338. [CrossRef] [PubMed]

25. Nicastro, G.; Menon, R.P.; Masino, L.; Knowles, P.P.; McDonald, N.Q.; Pastore, A. The solution structure
of the Josephin domain of ataxin-3: Structural determinants for molecular recognition. Proc. Natl. Acad.
Sci. USA 2005, 102, 10493–10498. [CrossRef] [PubMed]

26. Scarff, C.A.; Almeida, B.; Fraga, J.; Macedo-Ribeiro, S.; Radford, S.E.; Ashcroft, A.E. Examination of Ataxin-3
(atx-3) Aggregation by Structural Mass Spectrometry Techniques: A Rationale for Expedited Aggregation
upon Polyglutamine (polyQ) Expansion. Mol. Cell. Proteom. 2015, 14, 1241–1253. [CrossRef] [PubMed]

27. Perham, M.; Liao, J.; Wittung-Stafshede, P. Differential Effects of Alcohols on Conformational Switchovers in
α-Helical and β-Sheet Protein Models. Biochemistry 2006, 45, 7740–7749. [CrossRef] [PubMed]

28. Masino, L.; Nicastro, G.; De Simone, A.; Calder, L.; Molloy, J.; Pastore, A. The Josephin domain determines
the morphological and mechanical properties of ataxin-3 fibrils. Biophys. J. 2011, 100, 2033–2042. [CrossRef]
[PubMed]

29. Curto, L.M.; Angelani, C.R.; Caramelo, J.J.; Delfino, J.M. Truncation of a β-barrel scaffold dissociates intrinsic
stability from its propensity to aggregation. Biophys. J. 2012, 103, 1929–1939. [CrossRef] [PubMed]

30. Bemporad, F.; Chiti, F. ‘Native-like aggregation’ of the acylphosphatase from Sulfolobus solfataricus and its
biological implications. FEBS Lett. 2009, 583, 2630–2638. [CrossRef] [PubMed]

31. Rezaei-Ghaleh, N.; Ebrahim-Habibi, A.; Moosavi-Movahedi, A.A.; Nemat-Gorgani, M. Effect of polyamines
on the structure, thermal stability and 2,2,2-trifluoroethanol-induced aggregation of alpha-chymotrypsin.
Int. J. Biol. Macromol. 2007, 41, 597–604. [CrossRef] [PubMed]

32. Anderson, V.L.; Webb, W.W. A desolvation model for trifluoroethanol-induced aggregation of enhanced
green fluorescent protein. Biophys. J. 2012, 102, 897–906. [CrossRef] [PubMed]

33. Luo, P.; Baldwin, R.L. Mechanism of helix induction by trifluoroethanol: A framework for extrapolating the
helix-forming properties of peptides from trifluoroethanol/water mixtures back to water. Biochemistry 1997,
36, 8413–8421. [CrossRef] [PubMed]

34. Ruggeri, F.S.; Longo, G.; Faggiano, S.; Lipiec, E.; Pastore, A.; Dietler, G. Infrared nanospectroscopy
characterization of oligomeric and fibrillar aggregates during amyloid formation. Nat. Commun. 2015,
6, 7831. [CrossRef] [PubMed]

35. Chiti, F.; Dobson, C.M. Amyloid formation by globular proteins under native conditions. Nat. Chem. Biol.
2009, 5, 15–22. [CrossRef] [PubMed]

36. Nicastro, G.; Habeck, M.; Masino, L.; Svergun, D.I.; Pastore, A. Structure validation of the Josephin domain
of ataxin-3: Conclusive evidence for an open conformation. J. Biomol. NMR 2006, 36, 267–277. [CrossRef]
[PubMed]

37. Nicastro, G.; Masino, L.; Esposito, V.; Menon, R.P.; De Simone, A.; Fraternali, F.; Pastore, A. Josephin
domain of ataxin-3 contains two distinct ubiquitin-binding sites. Biopolymers 2009, 91, 1203–1214. [CrossRef]
[PubMed]

38. Sanfelice, D.; De Simone, A.; Cavalli, A.; Faggiano, S.; Vendruscolo, M.; Pastore, A. Characterization of the
conformational fluctuations in the Josephin domain of ataxin-3. Biophys. J. 2014, 107, 2932–2940. [CrossRef]
[PubMed]

39. Hornak, V.; Abel, R.; Okur, A.; Strockbine, B.; Roitberg, A.; Simmerling, C. Comparison of multiple
Amber force fields and development of improved protein backbone parameters. Proteins 2006, 65, 712–725.
[CrossRef] [PubMed]



Int. J. Mol. Sci. 2018, 19, 2151 17 of 17

40. Lindorff-Larsen, K.; Piana, S.; Palmo, K.; Maragakis, P.; Klepeis, J.L.; Dror, R.O.; Shaw, D.E. Improved
side-chain torsion potentials for the Amber ff99SB protein force field. Proteins 2010, 78, 1950–1958. [CrossRef]
[PubMed]

41. Lindorff-Larsen, K.; Maragakis, P.; Piana, S.; Eastwood, M.P.; Dror, R.O.; Shaw, D.E. Systematic validation of
protein force fields against experimental data. PLoS ONE 2012, 7, e32131. [CrossRef] [PubMed]

42. Mukherjee, G.; Patra, N.; Barua, P.; Jayaram, B. A fast empirical GAFF compatible partial atomic charge
assignment scheme for modeling interactions of small molecules with biomolecular targets. J. Comput. Chem.
2011, 32, 893–907. [CrossRef] [PubMed]

43. Sousa da Silva, A.W.; Vranken, W.F. ACPYPE—AnteChamber PYthon Parser interfacE. BMC Res. Notes 2012,
5, 367. [CrossRef] [PubMed]

44. Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of simple potential
functions for simulating liquid water. J. Chem. Phys. 1983, 79, 926. [CrossRef]

45. Jakalian, A.; Jack, D.B.; Bayly, C.I. Fast, efficient generation of high-quality atomic charges. AM1-BCC model:
II. Parameterization and validation. J. Comput. Chem. 2002, 23, 1623–1641.

46. Korendovych, I.V.; Kulp, D.W.; Wu, Y.; Cheng, H.; Roder, H.; DeGrado, W.F. Design of a switchable eliminase.
Proc. Natl. Acad. Sci. USA 2011, 108, 6823–6827. [CrossRef] [PubMed]

47. Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 2007,
126, 014101. [CrossRef] [PubMed]

48. Berendsen, H.J.C.; Postma, J.P.M.; Van Gunsteren, W.F.; DiNola, A.; Haak, J.R. Molecular dynamics with
coupling to an external bath. J. Chem. Phys. 1984, 81, 3684–3690. [CrossRef]

49. Nosé, S.; Klein, M.L. Constant pressure molecular dynamics for molecular systems. Mol. Phys. 1983, 50,
1055–1076. [CrossRef]

50. Parrinello, M.; Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method.
J. Appl. Phys. 1981, 52, 7182–7190. [CrossRef]

51. Hess, B.; Bekker, H.; Berendsen, H.J.C.; Fraaije, J.G.E.M. LINCS: A linear constraint solver for molecular
simulations. J. Comput. Chem. 1997, 18, 1463–1472. [CrossRef]

52. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38.
[CrossRef]

53. Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS 4: Algorithms for Highly Efficient,
Load-Balanced, and Scalable Molecular Simulation. J. Chem. Theory Comput. 2008, 4, 435–447. [CrossRef]
[PubMed]

54. Heinig, M.; Frishman, D. STRIDE: A web server for secondary structure assignment from known atomic
coordinates of proteins. Nucleic Acids Res. 2004, 32, W500–W502. [CrossRef] [PubMed]

55. Deriu, M.A.; Grasso, G.; Tuszynski, J.A.; Massai, D.; Gallo, D.; Morbiducci, U.; Danani, A. Characterization
of the AXH domain of Ataxin-1 using enhanced sampling and functional mode analysis. Proteins Struct.
Funct. Bioinform. 2016, 84, 666–673. [CrossRef] [PubMed]

56. Grasso, G.; Deriu, M.A.; Tuszynski, J.A.; Gallo, D.; Morbiducci, U.; Danani, A. Conformational fluctuations
of the AXH monomer of Ataxin-1. Proteins Struct. Funct. Bioinform. 2016, 84, 52–59. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


