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Spinocerebellar ataxia type 3 is a debilitating neurodegenerative disorder
driven by the pathological aggregation of ataxin-3 (Atx3), a deubiquitinat-
ing enzyme with a cysteine-rich catalytic domain and an expandable poly-
glutamine (polyQ) tract. While the role of polyQ expansion in Atx3
aggregation is well documented, the influence of redox conditions on its
self-assembly remains underexplored. Here, we demonstrate that reducing
agents and a redox environment critically modulate Atx3 aggregation by
regulating disulfide bond formation within the Josephin domain. We dem-
onstrate that dithiothreitol (DTT), through progressive oxidation, pro-
motes the formation of non-native and disulfide-linked conformers, which
may serve as nucleation centers for fibril formation. In contrast, tris(2-car-
boxyethyl)phosphine preserves cysteine residues of Atx3 in the reduced
state and inhibits aggregation, but concomitantly promotes cleavage of
full-length Atx3. Furthermore, we identify a previously underappreciated
role for 4,5-dihydroxy-1,2-dithiane, the DTT oxidation product, in directly
triggering Atx3 aggregation. We also demonstrate that running aggregation
assays at 50 °C circumvents the redox dependency of Atx3 aggregation,
thereby streamlining the aggregation process and enabling the use of a sim-
plified, robust platform for medium- to high-throughput screening of
aggregation modulators. These findings provide new insights into the
redox-dependent modulation of Atx3 aggregation and highlight critical
considerations for in vitro aggregation assays of cysteine-rich proteins, with
broad implications for therapeutic strategies targeting cysteine-rich,
aggregation-prone proteins in neurodegenerative diseases. Although our
study focuses on in vitro investigation, it suggests that redox dysregulation

AFM, atomic force microscopy; ALS, amyotrophic lateral sclerosis; Atx3, Ataxin-3; CD, circular dichroism; CSP, chemical shift perturbation;
DTT, dithiothreitol; HSQC, heteronuclear single quantum coherence; IPTG, isopropyl B-D-1-thiogalactopyranoside; JD, Josephin domain; LC-
MS/MS, liquid chromatography-tandem mass spectrometry; MJD, Machado-Joseph disease; MS, mass spectrometry; NMR, nuclear
magnetic resonance; polyQ, polyglutamine; RRM, RNA recognition motif; SCA3, spinocerebellar ataxia type 3; SEC, size exclusion
chromatography; SLIP, synthesis of long iterative polynucleotides; SOD1, superoxide dismutase 1; STD, saturation transfer difference;
TCEP, tris(2-carboxyethyl)phosphine; TDP-43, TAR DNA-binding protein 43; TEV, tobacco etch virus; ThT, thioflavin T; UIM,
ubiquitin-interacting motif; BME, B-mercaptoethanol.
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Redox-dependent aggregation of ataxin-3

M. Podlasiak et al.

in cells could promote pathogenic aggregation of Atx3, reinforcing the link
between cellular redox balance and polyglutamine disease progression.

Introduction

Spinocerebellar ataxia type 3 (SCA3), also known as
Machado—Joseph disease (MJD), is the most prevalent
form of inherited ataxia, belonging to the polygluta-
mine (polyQ) disease family [1-5]. These dominantly
inherited neurodegenerative disorders are associated
with protein misfolding and aggregation, resulting in
intracellular inclusions within specific neuronal popula-
tions [5-8]. The pathological aggregation is driven by
the abnormal expansion of a polyQ stretch within the
disease-associated protein, resulting from tandem
CAG nucleotide repeat expansions in the correspond-
ing gene [9-11].

In SCA3, the CAG expansion occurs in exon 10 of
the ATXN3 gene, which encodes the deubiquitinating
enzyme Ataxin-3 (Atx3) [1,3]. A key histopathological
hallmark of the disease is the accumulation of intracel-
lular inclusions containing both normal and mutant
Atx3, along with other proteins such as ubiquitin,
heat-shock proteins, and transcription factors [12—-16].
These inclusions are predominantly nuclear, although
smaller cytoplasmic inclusions and distal axonal aggre-
gates have also been reported [17-19].

Atx3 has a modular structure, comprising a globular
catalytic N-terminal domain, called Josephin domain
(JD), followed by two ubiquitin-interacting motifs
(UIMs) and an expandable polyQ tract. A third UIM
downstream of the polyQ tract is present in the
brain-predominant isoform [20,21]. The JD catalytic
domain belongs to the papain-like cysteine proteases
family and harbors the catalytic triad required for sub-
strate cleavage (Cysl4, His119, and Asn134) [22-24].

Several studies have demonstrated that polyQ
expansion in Atx3 promotes the formation of
amyloid-like fibrils enriched in [-structures, as com-
monly found in aggregates from multiple neurodegen-
erative disorders [25-27]. However, nonexpanded Atx3
and the isolated JD also form fibrils under physiologi-
cal conditions [22,28-32]. Together, these findings indi-
cate that while the expanded polyQ region is
inherently toxic, the JD also contributes significantly
to the early stages of Atx3 self-assembly, a phenome-
non observed in other polyQ proteins such as Ataxin-1
and huntingtin [33-35].

Atx3 aggregation is rather complex and heteroge-
neous, and it is highly sensitive to experimental

conditions. Figueiredo et al. [36,37] recently developed
an optimized assay to dissect the impact of multiple
factors on Atx3 aggregation, including protein concen-
tration, ionic strength, pH, the presence of glycerol,
detergents, and molecular crowders. However, the role
of reductants for protein disulfide bonds, which are
critical for protein stability, folding, and aggregation,
remains unexplored.

In this study, we investigate the underexplored effect
of reductants on Atx3 self-assembly, focusing on their
role in modulating the early stages of aggregation. We
demonstrate that the formation of non-native con-
formers and covalently linked oligomers within the JD
primes fibril assembly. Furthermore, we reveal con-
trasting behaviors between the reductants tris(2-car-
boxyethyl)phosphine (TCEP) and dithiothreitol
(DTT), emphasizing the need for rigorous control of
buffer components in protein aggregation assays, as
these reagents significantly influence experimental
outcomes.

Additionally, we show that a temperature of 50 °C
accelerates Atx3 aggregation and circumvents the dis-
tinct effect of reducing agents, providing a simplified
system for studying the elongation stage of the aggre-
gation. This streamlined approach minimizes experi-
mental variability and offers a robust and faster
medium to high-throughput platform for screening
potential Atx3 aggregation inhibitors.

Our findings provide new perspectives on the molec-
ular mechanisms governing Atx3 self-assembly and
highlight the importance of carefully controlling exper-
imental conditions when studying aggregation-prone
proteins. These insights may guide future drug discov-
ery approaches for SCA3 and related polyglutamine
diseases.

Results

Atx3 hydrolysis competes with fibril assembly in
the presence of TCEP

We investigated the effect of TCEP, a thiol-free reduc-
tant for protein disulfide bonds, on the aggregation
behavior of Atx3 at physiological temperature. A
review of buffer compositions used in previous in vitro
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Table 1. Composition of buffers used in published Atx3 aggregation studies in vitro. JD: Josephin Domain. Atx3-Qxx: Atx3 variant with xx
number of glutamine repeats. Atx3-QHQ: Atx3 without polyQ tract. It is accepted that all non-expanded Atx3 variants -Q13, -Q14, -Q15, and
-Q18 have the same aggregation behavior.

References Protein variant Buffer composition Protein concentration (um)  Temperature (°C) pH
Chow et al. [38] Atx3-Q15, Atx3-Q28, PBS, 10% (v/v) glycerol, 5 mm EDTA, 65 37 7.4
Atx3-Q50 1 mm DTT, 2 mm PMSF
Gales et al. [30] Atx3-Q14 20 mm Hepes, 200 mm NaCl, 5 mm 7 37 75
EDTA, 1 mm DTT, 1 mm PMSF
Ellisdon et al. [26,27] Atx3-QHQ, Atx3- 100 mm Tris—HCI, 80 mm NaCl, 10% 80, 60, 40, 30, 10 37 7.4
Q15, Atx3-Q64 (v/v) glycerol, 5 mm EDTA, 15 mm
BME, 2 mm PMSF
Masino et al. [28] JD, Atx3-Q18 20 mm sodium phosphate, 10 mm 14 37, 50 6.5
TCEP, and 0.025% NaN3
Lupton et al. [39] Atx3-Q64 and related 100 mm Tris, 80 mm NaCl, 10% (v/v) 30 37 75
point mutants glycerol, 5 mm EDTA, 15 mm BME,
2 mm PMSF
Scarff et al. [31] JD, Atx3-Q14, Atx3- 250 mm Ammonium bicarbonate, 40 37 8.1
Q78 1 mm DTT
Silva et al. [40] Atx3-Q13 20 mm Sodium Phosphate, 150 mm 10, 7,5, 4,2 37 75
NaCl, 1 mm DTT
Figueiredo et al. [36] JD, Atx3-Q13, Atx3- 20 mm Sodium Phosphate, 150 mm 5 37 7.5
Q77 and mutants NaCl, 1 mm DTT, and 20 mm HEPES,
150 mm NaCl, 1 mm DTT.
The influence of ionic strength was
tested in the HEPES buffer by varying
NaCl concentration (50, 75, 100, 150,
200, and 300 mm NaCl). The influence
of glycerol, detergents, molecular
crowders, and Atx3 interactors was
also tested.
Figueiredo et al. [37]  Atx3-Q13, Atx3-Q77 20 mm HEPES, 150 mm NaCl, 1 mm 3 37 75
DTT

studies on Atx3 aggregation highlighted that aggrega-
tion assays at 37 °C have been performed mainly in
the presence of DTT (Table 1). To explore the effect
of TCEP at 37 °C, we performed Thioflavin T (ThT)
aggregation assays on nonexpanded Atx3 (Atx3-Q13).
Surprisingly, the aggregation kinetics observed under
these conditions deviated significantly from previously
reported data at 37 °C for nonexpanded Atx3 vari-
ants in the presence of the reductant DTT
[26,27,30,36-40]. Specifically, in the presence of 1 mm
TCEP, the ThT fluorescence signal remained consis-
tently low, indicating minimal to null formation of B-
structured amyloid aggregates and failed to reach a
plateau even after 150 h of continuous incubation. In
contrast, aggregation assays performed at the same
temperature in the presence of 1 mm DTT exhibited a
sigmoidal aggregation curve, indicative of a
nucleation-dependent polymerization mechanism, con-
sistent with previous studies (Fig. 1A). These differ-
ences were independent of the presence or absence of a
His-tag (Fig. 1B).

To further explore these observations, we evaluated
Atx3-Q13 stability and its progressive supramolecular
assembly over time using non-reducing SDS-PAGE
and Atomic Force Microscopy (AFM) at 37 °C and
50 °C. At 50 °C, high molecular-weight, SDS-insoluble
species were detected after 2 h of incubation, consis-
tent with previous data [28]. However, no aggregates
were detected at 37 °C and in the presence of TCEP at
any time point. Instead, a predominant species with a
molecular weight significantly lower than 41.2 KDa,
corresponding to monomeric Atx3-Q13, was observed,
suggesting that Atx3-Q13 undergoes cleavage under
the tested conditions (Fig. 1C,D). The fragmentation
may be attributed to TCEP itself, which has been
reported to induce backbone cleavage in cysteine-
containing proteins [41]. Alternatively, TCEP could
more efficiently activate the catalytic site of Atx3,
resulting in the autoproteolytic cleavage of its disor-
dered C-terminal region, as previously reported
[20,42]. In contrast, DTT preserved full-length Atx3-
Q13, as bands corresponding to the intact protein
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Fig. 1. Ataxin-3 Q13 (Atx3-Q13) aggregation kinetics at 37 °C in the presence of tris(2-carboxyethyl)phosphine (TCEP) or dithiothreitol (DTT).
(A, B) Thioflavin T (ThT) fluorescence kinetics of Atx3-Q13 incubated at 37 °C in the presence of 1 mm TCEP (orange), or 1 mm DTT (green).
Data are means + SD of triplicate measurements. TCEP prevents B-structured aggregate formation, while DTT promotes typical nucleation-
dependent aggregation. (A) refers to untagged Atx3-Q13, while (B) refers to His-tagged Atx3-Q13. (C) Left Panel: Representative Size
Exclusion Chromatography (SEC) profile for Atx3-Q13 performed just before the ThT aggregation assay. The SDS-PAGE in the insert, related
to the SEC fractions, confirmed the integrity of the protein. Black lines in the SEC profile and in the insert represent the pool of SEC
fractions used for ThT assay. Right Panel. SDS-PAGE analysis, in non-reducing conditions, of Atx3-Q13 stability over time at 37 °C and
50 °C in the presence of TCEP. High molecular weight and SDS-insoluble aggregates (red asterisk) are observed at 50 °C, while a cleaved
product (black asterisk) appears at 37 °C (17-28 KDa vs 42 KDa). (D) Representative atomic force microscopy (AFM) images of Atx3-Q13
incubated in the presence of TCEP at 50 °C (left) and 37 °C (right). AFM height images 1 x 1 um are reported. Scale bars 0.1 pm. Time
points at 2 h (top) and 24 h (bottom) from incubation were chosen. Aggregates at 50 °C show wormlike fibrils, whereas 37 °C samples
consist of monomers and small amorphous aggregates. (E) Representative SDS-PAGE analysis, in reducing conditions, of Atx3-Q13 stability
over time at 37 °C in the presence of DTT. DTT preserves full-length Atx3-Q13 for up to 160 h.

remained visible in reducing SDS-PAGE of samples the necessity of rigorously controlling experimental
incubated at 37 °C for up to 160 h (Fig. 1E). parameters to avoid misinterpretations in protein
These findings suggest that Atx3 cleavage is favored aggregation studies.
at physiological temperature in the presence of TCEP.
Hydrolysis competes with and potentially disrupts the
on-pathway fibril assembly process of the full-length
protein, resulting in altered aggregation kinetics. Con-
sequently, the use of TCEP as a reducing agent should To dissect whether reducing agents play a specific role
be carefully reconsidered in aggregation studies of in Atx3 aggregation, we focused our investigation on
Atx3 full-length at physiological temperature, as it the isolated JD, thereby eliminating potential con-
may introduce significant artifacts that obscure the founding effects from the hydrolysis of the full-length

Reducing agents modulate the JD-mediated
stage of Ataxin-3 aggregation

intrinsic aggregation behavior of the protein. Con- protein.

versely, in the presence of DTT, the formation of olig- To systematically assess the impact of redox condi-
omers might outpace hydrolysis events, potentially tions, we performed ThT fluorescence aggregation
limiting Atx3 degradation by promoting fibrillation. assays on JD at 37 °C under three distinct conditions:

These findings highlight the critical influence of with TCEP, with DTT, or without a reducing agent.
reducing agents on Atx3 self-assembly and underscore The assays were conducted in two different buffers to
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explore the effects of buffering species, pH, and ionic
strength (NaPh pH 6.5 and Hepes/NaCl pH 7.5).

Interestingly, significant differences emerged solely
due to the redox environment. In the presence of DTT,
JD aggregation followed a sigmoidal profile (Fig. 2A),
characteristic of nucleation-dependent polymerization,
consistent with the behavior previously observed for
full-length Atx3-Q13 under similar conditions. Con-
versely, TCEP significantly slowed down the aggrega-
tion of JD, with kinetics mirroring that of the cleaved
Atx3-Q13 species (Fig. 2A,B). In the absence of reduc-
ing agents, the protein exhibits a gradual increase in
ThT fluorescence over time, indicative of slow aggrega-
tion, and the kinetic profile lacks the sharp exponential
phase typically associated with rapid fibril formation.
These observations were consistent across both buffer
conditions, either in NaPh pH 6.5 (Fig. 2A) or in Hepes
pH 7.5 supplemented with NaCl (Fig. 2C), with only
minor differences attributed to the distinct environ-
ments encountered by the ThT dye [43].

The impact of the redox conditions on aggregation
kinetics was further observed in differences in aggre-
gate morphology, as revealed by AFM analysis of
ThT assay endpoints. Freshly purified JD samples dis-
played monomeric protein (Fig. 3A), while samples
incubated with DTT formed homogeneous curvilinear
wormlike fibrils, approximately 60-100 nm in length,
consistent with previous reports (Fig. 3B) [28]. In con-
trast, samples incubated with TCEP predominantly
displayed monomeric protein and dispersed aggregates,
suggesting an  alternative aggregation pathway
(Fig. 3C). Intermediate morphologies, including a mix-
ture of fibrils and no fibrillar aggregates, were
observed in the absence of reducing agents (Fig. 3D).

To determine whether these differences resulted from
specific interactions between the reducing agents and
JD, we acquired a series of 2D 'H,'’N-HSQC NMR
spectra on JD at increasing concentrations of TCEP
and DTT and evaluated whether Chemical Shift Pertur-
bations (CSPs) occurred. Neither TCEP nor DTT
induced CSPs, indicating no binding surface on the pro-
tein for both compounds (Fig. 4A). Similarly, Satura-
tion Transfer Difference (STD) NMR experiments,
designed to detect changes in the ligand’s NMR signals
upon binding, revealed no evidence of binding between
JD and either reducing agent (Fig. 4B).

Altogether, our findings demonstrate that reducing
agents profoundly influence the JD-mediated stage of
Atx3 aggregation, affecting both the kinetics and
aggregate morphology. This effect is not due to the
formation of stable complexes between the protein and
the compound but rather arises from distinct redox
environments created by the two reducing agents.

Redox-dependent aggregation of ataxin-3

These results emphasize the critical importance of care-
fully controlling redox conditions in Atx3 aggregation
studies and highlight their broader implications for
drug screening approaches to target SCA3 and, more
broadly, polyglutamine diseases.

Formation of JD conformers with non-native
disulfide bonds primes Atx3 self-assembly

Given the distinct effects of DTT and TCEP on the
JD-mediated Atx3 aggregation stage and the lack of a
stable complex between these reducing agents and JD,
we investigated the role of disulfide bonds in the protein
self-assembly. Notably, we observed similar differences
in the effect of DTT and TCEP on the aggregation
behavior of TDP-43, a well-known aggregation-prone
protein involved in Amyotrophic Lateral Sclerosis
(ALS) [44-46] (Fig. 5). In TDP-43, oxidation-induced
thiol-disulfide exchange in the RRM2 domain shifts the
equilibrium toward aggregation-prone species that act
as nucleation centers [47]. A comparable mechanism
may underlie Atx3 aggregation.

To explore this, we first assessed the stability of
TCEP and DTT under our experimental conditions.
While both compounds are commonly used as reduc-
ing agents, their redox mechanisms differ significantly,
resulting in varying reducing efficacies depending on
factors such as protein-specific properties, pH, temper-
ature, and buffer composition [48-52]. We therefore
recorded 1D '"H NMR spectra on both compounds at
37 °C over time. TCEP remained stable throughout
the entire observation period (Fig. 6A), while DTT
progressively and irreversibly oxidized to 4,5-dihy-
droxy-1,2-dithiane (Fig. 6B). As a result, DTT gradu-
ally loses its reducing capacity on thiol groups
throughout the ThT kinetics experiments, favoring the
formation of intra- and/or inter-molecular disulfide
bonds within the JD, which contains four cysteine resi-
dues, including the catalytic Cysl4. These non-native
conformers may represent early steps in JD fibril for-
mation. Accordingly, JD samples supplemented with
freshly prepared DTT exhibited a lag phase in the
ThT aggregation curves that positively correlated with
the initial concentration of the reductant (Fig. 7A).

Moreover, non-reducing SDS/PAGE analysis of
samples incubated at 37 °C in the presence of DTT
revealed notable alterations in electrophoretic mobility.
Specifically, a higher molecular-weight species consis-
tent with a covalently linked dimer was detected after
10-15 h incubation, together with a faster-migrating
band. The putative dimer band then disappears from
20 h incubation, while supramolecular assemblies
appear (Fig. 7B). In contrast, reducing SDS-PAGE
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Fig. 2. Thioflavin T (ThT) aggregation kinetics of Ataxin-3 (Atx3)
variants at 37 °C. (A) ThT fluorescence kinetics in 20 mm NaPh pH
6.5 of Josephin domain (JD) incubated at 37 °C in the presence of
tris(2-carboxyethyl)phosphine (TCEP) (dark green), in the presence
of dithiothreitol (DTT) (light green), and in the absence of reducing
agents (orange). (B) Comparison among ThT fluorescence kinetics
of Atx3-Q13 (black) and that of JD (dark green) incubated at 37 °C
in the presence of TCEP. (C) ThT fluorescence kinetics in 20 mwm
Hepes pH 7.5, and 150 mm NaCl of JD incubated at 37 °C in the
presence of TCEP (dark green), in the presence of DTT (light
green), and in the absence of reducing agents (orange). All data are
means + SD of triplicate measurements.

analysis on the same samples revealed the presence of
a single band migrating as an intact JD monomer for
all samples (data not shown). Interestingly, the time
points at which misfolded JD conformers and cova-
lently linked dimers appear overlap with the duration
of the lag phase in JD aggregation kinetics (15-20 h),
as monitored by ThT fluorescence.

To better clarify the nature of the faster-migrating
band, we run both western blot and mass spectrometry

M. Podlasiak et al.

(MS) analysis. The band is recognized by an anti-His
antibody, indicating that the N-terminal region of JD
remains intact (Fig. 7C). Furthermore, MS confirms
the presence of C-terminal peptides (Fig. 7D), confirm-
ing that this species is not a proteolytic cleavage prod-
uct but rather represents a more compact, misfolded
monomeric conformer with aberrant intramolecular
disulfide bonds [53-55].

Altogether, these findings strongly support that non-
native conformers of JD, such as covalently linked
dimers and misfolded monomers with aberrant intra-
molecular disulfide bonds, represent early steps in JD
fibril formation. Supramolecular assemblies are then
formed during the elongation stage of the aggregation
kinetics, likely linked by additional intermolecular
disulfide bonds. Accordingly, an Atx3-Q13 mutant
where all cysteine residues were replaced with alanine
(His-tagged Atx3-Q13 C-null) failed to aggregate
under any tested redox condition (Fig. 7E).

Intriguingly, we also found that 4,5-dihydroxy-1,2-
dithiane, derived from DTT oxidation, exerts a direct
effect on Atx3 fibril formation beyond the loss of
DTT’s reducing efficacy. ThT aggregation kinetics of
JD and Atx3-QI13 incubated with 4,5-dihydroxy-1,2-
dithiane at 37 °C showed that the compound nearly
abolished the lag phase for both proteins (Fig. 8A).
The aggregation profiles differ significantly from those
of samples incubated without reducing agents, suggest-
ing a direct effect of the compound on protein aggre-
gation. Given the chemical structure of 4,5-dihydroxy-
1,2-dithiane, which forms a stable six-membered cyclic
disulfide, it is unlikely that the observed effect results
from covalent modification of protein thiols. We,
therefore, performed STD-NMR experiments at 37 °C
to examine whether a noncovalent interaction occurs.
The compound binds the protein in its monomeric
form and maintains affinity also for the protein aggre-
gates (Fig. 8B). DTT oxidation, therefore, facilitates
disulfide bond formation in JD and concurrently pro-
motes its aggregation through weak, likely nonspecific
interactions between the protein and 4,5-dihydroxy-
1,2-dithiane. However, AFM analysis demonstrated
that the final aggregates of samples incubated with
4,5-dihydroxy-1,2-dithiane were morphologically simi-
lar to those formed in the presence of freshly prepared
DTT or the absence of a reducing agent (Fig. 8C).

Our findings strongly suggest that the oxidation of
cysteine residues and the subsequent formation of
intra- and intermolecular disulfide bonds play a crucial
role in the aggregation of Atx3 at physiological tem-
perature. Concurrently, the product of DTT oxidation
triggers Atx3 aggregation. Understanding this redox-
dependent behavior is crucial for accurately studying
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Fig. 3. Josephin domain (JD) aggregates morphology in different reducing conditions. The morphology of JD aggregates was investigated
by atomic force microscopy (AFM). Representative 1 x 1 um AFM height images, scale bars 0.1 um, are reported for (A) fresh prepared
monomeric JD, and (B-D) Thioflavin T (ThT) aggregation endpoints (150 h incubation) of JD, in the presence of 1 mwm dithiothreitol (DTT), in
the presence of 1 mm tris(2-carboxyethyl)phosphine (TCEP), and in the absence of reducing agents, respectively.

the aggregation processes of cysteine-rich proteins such
as Atx3.

The complex interplay between cysteine residues
in disulfide-mediated Atx3 aggregation

To determine whether a specific cysteine pair is respon-
sible for the formation of non-native disulfide-linked
JD conformers that prime the protein aggregation, we
first generated four single-point JD mutants, replacing
cysteine with alanine (C14A, CI18A, CI114A, and
C172A). All variants maintained the overall folding of
the wild-type protein as confirmed by Circular Dichro-
ism (CD) analysis (Fig. 9A). Aggregation kinetics at
37 °C, assessed by ThT fluorescence, revealed that all
variants followed aggregation pathways similar to
wild-type JD, independent of the mutated cysteine
(Fig. 9B). These findings suggest that no specific cyste-
ine residue is solely responsible for disulfide bond-
mediated aggregation.

To further investigate, we produced six JD double
point mutants (C14A-C18A, Cl14A-C114A, Cl4A-
C172A, CI8A-CI14A, CI18A-C172A, and Cl114A-
C172A) and assessed their ThT aggregation kinetics at
37 °C under different redox conditions (Fig. 9C-F).
The CI14A-C18A variant exhibited a clear reduction in
aggregation propensity in all tested conditions, sug-
gesting that this pair might play a critical role in the
formation of the non-native species that precede amy-
loid fibril assembly. However, all double mutants fol-
lowed the same overall trend as wild-type JD, with
TCEP completely suppressing aggregation and 4,5-
dihydroxy-1,2-dithiane promoting it. All mutants
exhibited an extended lag phase in the presence of
DTT or a reduction in aggregation in the absence of
reducing agents, suggesting a complex interplay
between cysteine residues in the assembly of Atx3
aggregates. Moreover, MS analysis of the His-tagged
Atx3-Q13 disulfide-linked dimer showed incomplete
sequence coverage, with no peptides detected for the
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Fig. 4. Nuclear magnetic resonance (NMR) analysis of the interaction between Josephin domain (JD) and reducing agents. (A) Overlap of
the 2D "H,"®N-heteronuclear single quantum coherence (HSQC) spectra acquired on '®N-labeled JD in the absence of the reducing agents
(blue), and in the presence of dithiothreitol (DTT) (left) or tris(2-carboxyethyl)phosphine (TCEP) (right) in a molar ratio protein:compound of
1:1.5 (red). No significant chemical shift perturbations were observed, suggesting that neither TCEP nor DTT interacts with the amide
backbone of the protein. Experiments were performed in duplicate. (B) Saturation transfer difference (STD) NMR analysis of the interaction
between JD and reducing agents. Selected ppm windows of 1D 'H NMR referent spectra and STD-NMR spectra in the presence of JD are
reported for DTT (left) and TCEP (right). Null STD values indicate no interaction between JD and either of the two tested reducing agents.
The asterisk in the STD spectrum on the left indicates an unidentified contaminant in the DTT sample. Experiments were performed in

duplicate.

N-terminal region of the protein, including Cys14 and
Cysl8 (Fig. 10A,B). Among the identified peptides, a
disulfide bond involving Cysl14 and Cysl72 was
instead identified (Fig. 10B,C). These cysteines are
indeed more solvent-exposed than Cysl4 and Cysl8 in
the folded JD structure (PDB 1YZB) [24], but our
data do not allow us to exclude the formation of inter-
or intramolecular Cys14-Cys18 disulfide bonds. In fact,
during early misfolding events or under oxidative
stress, transient conformational shifts may expose
them to the surrounding environment. This could facil-
itate thiol-disulfide exchange, promoting the formation
of covalently linked species with non-native conforma-
tions that also include the pair Cysl4-Cysl8. Similar
phenomena have been observed in other aggregation-
prone proteins, where localized unfolding events

expose buried cysteines, triggering disulfide bond for-
mation [56].

In summary, the thorough analysis of the effect of
cysteines on Atx3 aggregation suggests a complex
mechanism in the formation of the species that precede
or nucleate Atx3 fibril assembly, suggesting the
involvement of multiple cysteine residues and not a
single disulfide pair, and the joint effect of misfolded
monomeric species and disulfide-linked dimers in the
amyloid assembly processes.

High temperature overrides the distinct effect of
reducing agents on Ataxin-3 aggregation

In this study, we also investigated whether a tempera-
ture higher than 37 °C abolishes the distinct effect of
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reducing agents on the JD-mediated stage of Atx3
aggregation. We then explored the ThT aggregation
kinetics of JD at 50 °C, and in the different redox
conditions already explored at 37 °C. Interestingly, at
50 °C the aggregation profiles of samples incubated
without reducing agent, in the presence of TCEP,
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Fig. 5. Thioflavin T (ThT) aggregation kinetics of TAR DNA-binding
protein 43 RNA recognition motifs (TDP-43 RRMs) at 37 °C.
Comparison among ThT fluorescence kinetics of TDP-43 RRMs in
the presence of dithiothreitol (DTT) (yellow), in the presence of tris
(2-carboxyethyl)phosphine (TCEP) (cyan), and in the absence of
reducing agents (green). Data were recorded in 20 mm Hepes,
150 mm NaCl, pH 7.5. All data are means + SD of triplicate
measurements. Consistent with what was observed for Ataxin-3
(Fig. 2A), TCEP abolishes TDP-43 RRMs aggregation, while DTT
triggers it. An intermediate behavior is observed in the absence of
reducing agents.

160 h

AN

2.7 2.6 2.5 2.4 23 ppm

Redox-dependent aggregation of ataxin-3

and in the presence of DTT fully overlap and have a
very short lag phase. A different and slightly faster
kinetics was instead observed for samples incubated
in the presence of 4,5-dihydroxy-1,2-dithiane, consis-
tent with the capacity of this compound to trigger
JD aggregation by weak interaction with the protein
(Fig. 11A).

Additionally, we explored the aggregation behavior of
three Atx3 full-length variants with distinct polyQ tract
lengths: Atx3-Q13 (nonpathological), Atx3-Q54, and
Atx3-Q69 (expanded variants). All variants aggregated
with similar kinetics, regardless of their polyQ length.
Their aggregation profiles lacked a discernible lag phase
and were dominated by rapid nucleation (Fig. 11B).
These findings align with recent data at 37 °C, which
show that ThT assays predominantly capture the polyQ-
independent stage of Atx3 aggregation, while the second
polyQ-dependent stage, which contributes to the
formation of mature fibril agglomerates, does not induce
further enhancement of ThT fluorescence [36]. Tempera-
tures close to the melting temperature of the protein
(55 °C) [36] further amplify the JD-mediated aggregation
stage by destabilizing monomeric protein, promoting
rapid fibril formation through stochastic nucleation
events. Notably, this temperature-driven acceleration
outpaces hydrolysis events, limiting degradation of full-
length Atx3 by promoting fibrillation, and provides a
simplified system for studying Atx3 aggregation. More-
over, the partial unfolding of Atx3 at 50 °C may increase
the exposure and reactivity of cysteine residues as well as
hydrophobic segments. Under these conditions, intermo-
lecular disulfide bonds are readily formed at a rate that

® [ T

3.8 3.6 3.4 3.2 3.0 2.8

[
N

Fig. 6. Stability of tris(2-carboxyethyl)phosphine (TCEP) and dithiothreitol (DTT) at 37 °C. 1D "H nuclear magnetic resonance (NMR) spectra
recorded over time to assess the stability at 37 °C of (A) TCEP and (B) DTT. TCEP is stable up to 160 h of incubation at 37 °C, while
irreversible oxidation to 4,5-dihydroxy-1,2-dithiane is observed for DTT already after 6 h incubation and reaches completion in 120-138 h.
Cyan and red asterisks in b) indicate proton NMR peaks of DTT (3.74 ppm, 2.76-2.63 ppm) and 4,5-dihydroxy-1,2-dithiane (3.66, 3.15,

2.95 ppm), respectively.
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Fig. 7. Disulfide bond formation during Ataxin-3 (Atx3) fibrilization. (A) Thioflavin T (ThT) fluorescence kinetics of Josephin domain (JD)
samples, incubated at 37 °C in the presence of different concentrations of dithiothreitol (DTT). The lag phase in the ThT aggregation curves
positively correlates with the initial concentration of the reductant. Each curve represents the mean of triplicate measurements normalized
to the maximum reached value 4+ SD. (B) Non-reducing SDS-PAGE analysis of His-tagged JD samples incubated at 37 °C in the presence of
DTT. Species with molecular-weight higher than monomeric JD (cyan asterisks) begin to appear after 10 h of incubation and reach their
maximum after 15 h, together with a faster-migrating band (green asterisks). After 20 h incubation, high molecular weight oligomeric
species are detected (orange asterisks). Experiments were performed in duplicate. Bands in the blue boxes were excised to perform mass
spectrometry (MS) analysis. (C) Western blot (WB) of His-tagged JD sample at 20 h of incubation at 37 °C in the presence of DTT, probed
with anti-Hisg antibody. WB was performed for each duplicate in b. Bands marked with blue boxes correspond to those observed at 20 h in
non-reducing SDS-PAGE already reported in panel B. Bands are recognized by an anti-His antibody, indicating that the N-terminal region of
JD remains intact in both bands. (D) MS peptide sequence coverage for both excised bands marked with blue boxes in B. Detected
peptides are highlighted in gray, with annotated carbamidomethylated cysteines (C, blue) and oxidized methionines (M, green). The N-
terminal region containing the Hisg affinity tag was not detected in datasets from either bands. (E) ThT aggregation curves in different redox
conditions of an Atx3-Q13 mutant where all cysteine residues were replaced with alanine (His-tagged Atx3-Q13 C-null). The aggregation
curve of His-tagged Atx3-Q13 in the presence of DTT is also reported for comparison (gray curve). Each curve represents the mean of
triplicate measurements normalized to the maximum reached value + SD.

outpaces the reduction of both TCEP and DTT, with the
result that both reductants are unable to fully suppress
aggregation. A temperature of 50 °C, therefore, over-
comes the distinct effect of reducing agents and offers a
robust platform for dissecting early aggregation

validation under physiological conditions to ensure
translational relevance.

Discussion

mechanisms.

While these findings may not fully replicate the
aggregation pathways occurring in vivo, they under-
score the importance of experimental conditions in
shaping observed aggregation behavior. By leveraging
accelerated aggregation kinetics at 50 °C, future stud-
ies could focus on identifying small molecules capable
of modulating JD-driven aggregation, with subsequent

The aggregation of Atx3, a protein implicated in spi-
nocerebellar ataxia type 3, involves complex molecular
mechanisms that are modulated by environmental and
biochemical factors in vivo and experimental condi-
tions in vitro [36,57,58].

In this study, we investigated the effect of reducing
agents on Atx3 self-assembly, a variable that strongly
influences protein stability, folding, and aggregation
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Fig. 8. Effect of dithiothreitol (DTT) oxidation on Ataxin-3 (Atx3) aggregation. (A) Thioflavin T (ThT) fluorescence kinetics of Josephin domain
(JD) and Atx3-Q13 samples incubated at 37 °C with DTT, with 4,5-dihydroxy-1,2-dithiane (oxidized DTT, DTTox), and in the absence of
reducing agents. Each curve represents the mean of triplicate measurements normalized to the maximum reached value 4+ SD. (B)
Saturation transfer difference nuclear magnetic resonance (STD-NMR) spectra of 4,5-dihydroxy-1,2-dithiane in the presence of JD. STD-NMR
experiments were acquired in the function of time at 37 °C to monitor changes in the intensity of the STD signals in the presence of
progressively larger JD aggregates. Experiments were performed in duplicate. (C) Representative atomic force microscopy (AFM) images of
the ThT aggregation endpoints of JD samples incubated at 37 °C with DTT (/eft), with 4,5-dihydroxy-1,2-dithiane (DTTox, middle), and in the
absence of reducing agents (right). AFM height image 1 x 1 pm. Scale bars 0.1 um. The left and right panels reuse the same AFM images

shown in Fig. 3B,D, respectively, to facilitate direct visual comparison with the additional dataset on DTTox shown in the middle panel.

propensity. Our findings reveal novel insights into the
role of redox conditions and thermal energy in shaping
Atx3 aggregation pathways, with significant implica-
tions for understanding disease mechanisms and devel-
oping therapeutic tools.

Reducing agents, such as DTT and TCEP, are
widely used in protein studies to maintain cysteine
residues in their reduced state. However, their distinct
chemical properties and stability profiles [52] can pro-
foundly influence protein behavior. In this study, we
demonstrate that DTT and TCEP have markedly dif-
ferent effects on Atx3 aggregation. TCEP inhibits
aggregation by maintaining cysteine residues in a
reduced state and preventing disulfide bond forma-
tion. In contrast, DTT promotes aggregation through
its gradual oxidation to 4,5-dihydroxy-1,2-dithiane,
facilitating the formation of thiol-linked species, such
as covalently linked dimers and misfolded monomers
with aberrant intramolecular disulfide bonds. These
species are possibly the precursors of the JD-mediated

aggregation of Atx3, acting as nucleation centers and
facilitating the transition from monomeric Atx3 to
fibrillar aggregates. This finding is consistent with
previous studies suggesting that dimeric species serve
as precursors for Atx3 aggregation [30,31,59]. Our
study provides further mechanistic insights into how
these dimers form and their role in Atx3 aggregation.
It also suggests a possible role for previously
unknown misfolded monomeric species. Under nonre-
ducing conditions, the cysteine residues within the JD
form both intra- and intermolecular disulfide bonds
through a complex interplay of multiple cysteine resi-
dues rather than a single disulfide pair, promoting
the formation of aggregation nuclei, which likely
mediate the formation of fibrils. This mechanism is
not unique to Atx3, and similar redox-driven aggre-
gation pathways have been observed in other neuro-
degenerative proteins containing cysteine residues,
including prion protein, tau, SODI, and TDP-43.
[47,60-63] These parallels underscore the potential for

© 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of 1

Federation of European Biochemical Societies.

85U8017 SUOLILLIOD @A 18810 3(eoldde ayy Aq peusenob ae ssjoie YO ‘8sn Jo el 1oy ArIqiT8uIIUO 3|1 UO (SUONIPUCD-pUe-SLLLIBYWOY"AB | 1M ARIq U1 [UO//SdNL) SUORIPUOD PUe SWid | 8u 88S *[9202/70/80] U0 AfeiqiTaulluo A8|IM Bkd 1a 1pMS 11Bea AiseAIuN AQ 9240/ SEY/TTTT OT/I0p/W0d A8 im Arelq 1 jpuljuo'saey//Sdny Wwouy papeojumod ‘0 ‘89vzy.LT



Redox-dependent aggregation of ataxin-3

M. Podlasiak et al.

(A) 100 (C) som +DTT (E) s + DTTox
L 4,500 4,500
5. -4
~ 5,000 3 4000 el 2 4000 4’~\
e < 3500 ) —— R < 3,500
£ £ H
T 0 g 3000 € 3000
: 2
2 © 2500 © 2500
K] g 2
2.-5.000 g 2000 5 2,000 /
1 g g
Z S 1500 £ 1,500 -
= JD C14A g 2 B |
210,000 —JD C18A = 1,000 : 1,000
] —JD C114A = g /
= ~—JD C1724 00 300 /
v
-15,000 0+~ 0
195 205 215 225 235 245 255 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (h) Time ()
Wavelenght (nm)
= JDWT JD C14A C114A JD C18A C114A JD C114A C172A
=== JD C14A C18A JD C14A C172A JD C18A C172A
10
B D) .00 + (F) 5000
®B) .. (D) TCEP No reductant
8 4,500 4,500
EXH
® 9 4,000 ~ 4,000
g 07 8. 3.
H £ 3500 2 3500
g 06 H g
£ —JDWT +DTT 2 3.000 g 300
205 ® 3
=} JD C14A + DTT s 2500 kg 2,500
g £ 2.000 5 2000
2 —JD C18A + DTT H 2
803 £ 1500 £ 1500
E —JD C114A + DTT ) 2
£02 = 1,000 = 1000
5
ol e - ” | /
0.0 0 4= AL
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (h) Time (h) Time (h)

Fig. 9. Aggregation kinetics of Josephin domain (JD) mutants. (A) Overlay of circular dichroism (CD) spectra at 25 °C of JD wild-type and
JD single point mutants. All variants maintained the overall folding of the wild-type protein. CD spectra were performed on samples from
two independent preparations. (B) Time evolution of the Thioflavin T (ThT) fluorescence intensity for JD single point mutants incubated at
37 °C in 20 mm Hepes, pH 7.5, 150 mm NaCl, and 1 mm dithiothreitol (DTT). Each curve represents the mean of triplicate measurements
normalized to the maximum reached value 4+ SD. (C-F) ThT fluorescence kinetics of JD wild-type (red) and JD double point mutants C14A-
C18A (blue), C14A-C114A (gray), C14A-C172A (yellow), C18A-C114A (cyan), C18A-C172A (light green), and C114A-C172A (pink) incubated at
37 °C (C) with T mm DTT, (D) with 1 mwm tris(2-carboxyethyl)phosphine (TCEP), (E) with 1 mm 4,5-dihydroxy-1,2-dithiane (oxidized DTT,
DTTox), and (F) with no reducing agent. Each curve represents the mean of triplicate measurements normalized to the maximum reached
value £ SD. The C14A-C18A mutant (in blue) shows a significant reduction in aggregation propensity, suggesting that this cysteine pair

plays a predominant role in disulfide bond-mediated self-assembly.

redox modulation as a therapeutic strategy across
multiple proteinopathies.

In addition, we separately observed that 4,5-dihy-
droxy-1,2-dithiane, the major oxidation product of
DTT, can directly stimulate Atx3 aggregation. This
suggests a secondary mechanism by which redox-
derived small molecules can influence Atx3 aggrega-
tion, independently of disulfide bond formation. Nota-
bly, 4,5-dihydroxy-1,2-dithiane is a six-membered
cyclic disulfide that remains stable under physiological
conditions, with no propensity for spontaneous ring
opening or thiol-disulfide exchange [64-67]. Our data,
therefore, support a model where 4,5-dihydroxy-1,2-
dithiane promotes Atx3 aggregation through weak,
non-covalent interactions rather than covalent
modification.

In our study, we also explored the effects of temper-
ature on Atx3 aggregation and found that at 50 °C,
Atx3 variants, regardless of polyQ length and reducing
agent, aggregated with similar kinetics. This observa-
tion supports the hypothesis proposed by Figueiredo

et al. [36] that ThT-based assays predominantly cap-
ture the polyQ-independent stage of Atx3 aggregation,
mediated by the JD. A temperature of 50 °C amplifies
this effect by destabilizing the protein and promoting
rapid nucleation events. The temperature-driven accel-
eration of JD-mediated aggregation overcomes the dis-
tinct effect of reducing agents and provides a
simplified and faster experimental system for studying
the early stages of Atx3 self-assembly. By minimizing
the influence of polyQ length and reducing agents, this
approach reduces variability and offers a robust and
faster platform for medium to high-throughput screen-
ing of modulators of the initial steps of Atx3 aggrega-
tion. However, it is important to acknowledge that
findings obtained at 50 °C need to be later validated
under physiological conditions to ensure translational
relevance.

While our study focuses on Atx3, our findings are
likely relevant to other aggregation-prone proteins.
Small molecules or peptides designed to disrupt the
formation of thiol-linked species could effectively
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Fig. 10. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) results on isolated His-tagged Ataxin-3 Q13 (Atx3-Q13) disulfide-
linked dimer. (A) Non-reducing SDS-PAGE of His-tagged Atx3-Q13 incubated at 37 °C for 25 h. The band of the dimer (blue box) formed
during incubation was excised from the gel and divided into two portions: one treated with dithiothreitol (DTT) and alkylating agent, and the
other left untreated. (B) Peptides (green shadow) identified uniquely in the reduced/alkylated sample are boxed in red, indicating the
cysteine residues involved in disulfide bond formation. Peptides corresponding to the N-terminal His-tag and residues 1-45 were not
identified by LC-MS/MS, indicating a lack of sequence coverage in this region, potentially due to inefficient proteolytic cleavage or reduced
ionization efficiency. In contrast, peptides, including Cys114 and Cys172, were detected exclusively in the reduced/alkylated sample,
suggesting that these cysteine residues are involved in intermolecular disulfide bond formation. The combined analysis of the aggregation
kinetics (Fig. 9C-F) and LC-MS/MS results suggests a complex mechanism of disulfide-linked dimerization involving multiple cysteine
residues rather than a single disulfide pair. Amino acid numbering in panel B is offset by +18 residues (compared to the native Atx3
sequence) due to the presence of the N-terminal His-tag in the recombinant construct’s sequence. (C) Schematic representation of peptides
identified by LC-MS/MS in reduced and non-reduced dimer samples.
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Fig. 11. Thioflavin T (ThT) aggregation kinetics at 50 °C of Ataxin-3 (Atx3) variants. ThT fluorescence kinetics of (A) Josephin domain (JD) in
different reducing conditions, and (B) Atx3 variants with different polyglutamine (polyQ) length (-Q13, -Q54, and -Q69) in the presence of tris
(2-carboxyethyl)phosphine (TCEP). All samples were incubated at 50 °C. Each curve represents the mean of triplicate measurements
normalized to the maximum reached value + SD.
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inhibit the nucleation stage of aggregation, preventing
the downstream formation of toxic fibrils. Addition-
ally, modulating the redox environment to stabilize
monomeric protein may offer further opportunities for
therapy development. This strategy aligns with increas-
ing evidence that neurodegenerative diseases, including
SCA3, are linked to oxidative stress [68—75]. Oxidative
stress is a key factor in neurodegeneration and is
linked to cellular redox imbalances. In vivo, misfolded
proteins may undergo oxidative modifications, altering
their aggregation propensity similarly to what we
observed under controlled redox conditions in vitro.
Disrupting these pathological oxidation events through
targeted therapeutic interventions could help mitigate
protein aggregation and its associated toxicity in
SCA3 and other neurodegenerative disorders.

Our results also underscore the importance of care-
fully controlled experimental conditions in protein
aggregation studies. The choice of reducing agent,
buffer composition, and temperature can significantly
influence aggregation behavior and experimental out-
comes. Researchers should consider the stability of
reducing agents and their potential oxidation products,
as well as the relevance of experimental conditions to
physiological environments.

This study provides new insights into the molecular
mechanisms underlying Atx3 aggregation and empha-
sizes the critical role of redox conditions in modulating
JD-mediated self-assembly. By identifying thiol-linked
species as putative nucleation centers and demonstrat-
ing that a temperature of 50 °C reduces experimental
variability, our findings pave the way for novel thera-
peutic strategies targeting polyQ-independent mecha-
nisms and offer a robust and faster platform for
medium to high-throughput screening of aggregation
modulators.

While this study provides foundational insights
into the redox-dependent modulation of Atx3 aggre-
gation in vitro, future work will be necessary to elu-
cidate in greater detail the in-cell mechanisms
underpinning  thiol-linked species formation and
nucleation events. Such studies will further refine our
understanding of redox regulation in protein aggre-
gation pathways.

Material and methods

Expression plasmids

The protein constructs used in this work are listed in
Table 2, with amino acid sequence details provided in
Table S1. The plasmid for the expression of wild-type JD
residues 1-182 (modified pET9d-JD) was a gift from

M. Podlasiak et al.

Annalisa Pastore [76]. It encodes JD as a fusion protein
with a TEV protease cleavable N-terminal glutathione S-
transferase carrying a hexa-histidine tag. Expression plas-
mids for JD single and double point mutants were obtained
via inverse polymerase chain reaction (PCR) site-directed
mutagenesis on modified pET9d-JD or derivative plasmids.
The desired mutations were inserted into the PCR primers
(Table S2). PCRs were performed using the Q5® Hot Start
High-Fidelity DNA Polymerase (New England Biolabs,
Ipswich, MA, USA).

The plasmids for the expression of Atx3-Q13 and Atx3-
Q54 (modified pMAL-Atx3Q13, and modified pMAL-
Atx3Q54, respectively) were obtained by deletion of the
coding sequence for the Maltose Binding Protein from
pMAL plasmids gifted by Annalisa Pastore [77]. The dele-
tion was performed via inverse PCR to obtain plasmids for
the expression of Atx3-Q13 and Atx-Q54 as fusion proteins
with a TEV protease cleavable N-terminal hexa-histidine
tag. Sequence details of the PCR primers are reported in
Table S2.

The expression plasmid for Atx3-Q69 was obtained by
expansion of CAG repeats in the Atx3-Q54 construct
using the Synthesis of Long Iterative Polynucleotides
(SLIP) method, as described in Figura et al, 2015 with
minor adjustments [78]. Briefly, the cDNA of Atx3-Q54
was transferred into a pGEM-T-Easy vector (Promega Ita-
lia Srl, Milan, Italy). First, the Atx3-Q54 coding sequence
was amplified by PCR from the modified pMAL-Atx3-
Q54 wusing the DreamTaq DNA Polymerase (Thermo
Fisher Scientific, Waltham, MA, USA) to obtain the insert
with A-sticky ends. After treatment with Dpn I, the PCR
product was mixed with a linearized pGEM-T-Easy vector
containing T-sticky ends. The resulting circular pGEM-T-
Easy/Atx3-Q54 plasmid was amplified in SCS110 E. coli
dam-/dem- strain (Agilent Technologies, Santa Clara, CA,
USA) to obtain non-methylated copies. Two aliquots of
the plasmid were independently digested with BsmBI and
EcoO1091 restriction enzymes (New England Biolabs, Ips-
wich, MA, USA), which allowed cutting upstream and
downstream of the CAG repeat, respectively. The digested
products were then mixed and subjected to a single PCR
cycle using the Q5® Hot Start High-Fidelity DNA Poly-
merase to gap-fill repeat extensions. The PCR product was
used to transform NEB5-a Competent Cells (New England
Biolabs, USA), and the resulting colonies were screened
by PCR to select those with expanded CAG repeats. The
exact number of inserted CAG triplets was assessed by
Sanger sequencing, which confirmed the insertion of 9
CAG repeats. A second SLIP round was then performed
to further expand the CAG tract, resulting in the insertion
of six extra CAG repeats. The two SLIP rounds, there-
fore, led to pGEM-T-Easy/Atx3-Q69 from pGEM-T-
Easy/Atx3-Q54. The cDNA of Atx3-Q69 was then trans-
ferred to a derivative pMAL expression vector. The insert
was amplified by PCR and treated with T4 Polynucleotide
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Table 2. Summary of the constructs used in the present work and adopted nomenclature. For amino acid sequences, see Table S1.

Construct name Expressed protein References
Atx3-Q13 Non-expanded Ataxin-3 full length comprising 13 glutamine residues (Q) in the This work
polyQ tract
His-tagged Non-expanded Ataxin-3 full length comprising 13 glutamine residues (Q) in the Figueiredo et.al 2022 [36]
Atx3-Q13 polyQ tract, fused with an N-terminal hexa-histidine tag
Atx3-Q54 Expanded Ataxin-3 full length comprising 54 glutamine residues (Q) in the This work
polyQ tract
Atx3-Q69 Expanded Ataxin-3 full length comprising 69 glutamine residues (Q) in the This work
polyQ tract
His-tagged Non-expanded Ataxin-3 full length comprising 13 glutamine residues (Q) in the This work

Atx3-Q13 C-null
N-terminal hexa-histidine tag

polyQ tract, with all cysteine residues mutated to alanine, and fused with an

JD wild type Josephin domain of Atx3, residues 1-182, wildtype Nicastro et al. 2004 [76]
His-tagged Josephin domain of Atx3, residues 1-182, wildtype, fused with an N-terminal Figueiredo et.al 2022 [36]
JD wild type hexa-histidine tag
JD C14A Josephin domain of Atx3, residues 1-182, with cysteine 14 mutated to This work
alanine
JD C18A Josephin domain of Atx3, residues 1-182, with cysteine 18 mutated to This work
alanine
JD C114A Josephin domain of Atx3, residues 1-182, with cysteine 114 mutated to This work
alanine
JD C172A Josephin domain of Atx3, residues 1-182, with cysteine 172 mutated to This work
alanine
JD C14A C18A Josephin domain of Atx3, residues 1-182, with cysteines 14 and 18 mutated This work
to alanine
JD C14A C114A Josephin domain of Atx3, residues 1-182, with cysteines 14 and 114 mutated This work
to alanine
JD C14A C172A Josephin domain of Atx3, residues 1-182, with cysteines 14 and 172 mutated This work
to alanine
JD C18A C114A Josephin domain of Atx3, residues 1-182, with cysteines 18 and 1114 This work

mutated to alanine

JD C18A C172A Josephin domain of Atx3, residues 1-182, with cysteines 18 and 172 mutated This work
to alanine
JD C114A C172A Josephin domain of Atx3, residues 1-182, with cysteines 114 and 172 This work

mutated to alanine

Kinase (New England Biolabs, USA) to phosphorylate the
5" hydroxyl terminus of the PCR product. The pMAL
backbone was amplified via inverse PCR and mixed with
the phosphorylated insert and T4 DNA Ligase (New
England Biolabs, USA) to allow final ligation, resulting in
the derivative pMAL-Atx3Q69 expression plasmid. The
Phusion Flash High-Fidelity PCR Master Mix (Thermo
Fisher Scientific, USA) was used to amplify both the insert
and the plasmid backbone. Sequence details of the primers
used in all steps of the SLIP procedure are reported in
Table S2.

The plasmid for the expression of His-tagged Atx3-QI13
C-null was obtained by inserting the synthetic cDNA pur-
chased from NZYTech into the pDEST17 Gateway vector
(Life Technologies, Carlsbad, CA, USA) between the
restriction sites Ndel and BsrGI. Sequence details of the
cDNA are reported in Table S2. pDESTI17 plasmids
expressing His-tagged Atx3-Q13 and His-tagged JD were
already available from previous studies [30,36].

Expression of the recombinant proteins

Atx3 and JD variants were expressed as previously described
with minor modifications [36,76,77]. Briefly, for JD wild-type
and related point mutants, competent E. coli BL21 (DE3)
cells (New England Biolabs, USA) were transformed with
the pET9d expression plasmid carrying the construct of
interest and plated on LB Agar plates supplemented with
kanamycin. For Atx3-Q13, Atx3-Q54, and Atx3-Q69, com-
petent E. coli Rosetta2 pLysS cells (New England Biolabs,
USA) were transformed with the pMAL expression plasmid
carrying the construct of interest and plated on LB Agar
plates supplemented with ampicillin. For His-tagged JD,
Atx3-Q13, and Atx3-Q13 C-null, competent E. coli BL21
(DE3)-SI cells (Life Technologies, USA) were transformed
with the pDEST17 plasmid carrying the construct of interest
and plated on LB Agar without NaCl (LBON) plates sup-
plemented with ampicillin. Precultures were prepared by
inoculating 4-5 isolated colonies in 150 mL of LB or LBON
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medium supplemented with the suitable antibiotic, and cells
were grown overnight at 37 °C under shaking at 180 rpm.
The following day, precultures were diluted 1 : 25 into fresh
LB or LBON medium supplemented with the antibiotic and
grown at 37 °C, 180 rpm, until the ODgyonm reached
0.6-0.8. For cell growth in LBON medium, 0.4% (w/v) glu-
cose was added. Protein expression was induced by adding
0.5 mm isopropyl B-D-1-thiogalactopyranoside (IPTG) for
JD variants and Atx3-Q13, Atx3-Q54, and Atx3-Q69. Cells
were harvested after 4 h at 37 °C, except for the Atx3-Q69
construct, for which expression was carried out overnight at
18 °C. Expression of His-tagged JD, Atx3-Q13, and His-
tagged Atx3-QI13 C-null was instead induced by adding
NaCl to a final concentration of 300 mm. Cells were har-
vested after 3 h of expression at 30 °C.

Purification of recombinant proteins

JD variants expressed from pET9d plasmids, and Atx3 vari-
ants expressed from derivative pMAL plasmids, were puri-
fied as previously described with minor modifications [76,77].
Bacterial pellets were resuspended in 20 mm Tris—HCI,
300 mm NaCl, 5% glycerol (v/v), | mm DTT, 5 mm MgCl,
at pH 7.2, supplemented with 0.5 mgmL~' Lysozyme
(Sigma Aldrich, Merck, Darmstadt, Germany), 10 pg-mL~"
DNase I (Sigma Aldrich, Merck, Germany), and Complete
EDTA-free protease inhibitor cocktail (Roche, Switzerland).
For Atx3-Q69 variant, the lysis buffer was also supplemen-
ted with 10 ygmL~" RNase (Sigma Aldrich, Merck, Ger-
many). The mixtures were then incubated for 30 min at
room temperature (RT), subjected to gentle sonication using
an ultrasonic homogenizer (Bandelin, Berlin, Germany), and
spun down to recover the soluble fractions. These were
loaded onto HisTrap FF columns (Cytiva, Uppsala, Swe-
den) pre-equilibrated in 20 mm Tris—=HCI, 300 mm NaCl,
5% glycerol (v/v), 1 mm DTT, pH 7.2. Before elution, the
columns were washed with 20 column volumes (CV) of the
same buffer supplemented with 5 mm imidazole and 1 m
NaCl, for JD and Atx3 variants, respectively. His-tagged
proteins were collected after isocratic elution with 20 mm
Tris—HCI, 300 mm NaCl, 5% glycerol (v/v), | mm DTT, pH
7.2, supplemented with 250 mm and 500 mm for JD and
Atx3 variants, respectively. The N-terminal tag was removed
from each construct by overnight digestion with Tobacco
Etch Virus (TEV) protease at 4 °C in a ratio TEV:Protein
of 1:20, 1:10, and 1: 5 for JD variants, Atx3-Q13 and
Atx3-Q54, and Atx3-Q69, respectively. TEV digestion was
performed during sample dialysis in 20 mm Sodium Phos-
phate, 300 mm NaCl, 1 mm DTT, pH 7.2. Digested proteins
were then loaded onto a HisTrap FF column (Cytiva, USA)
and recovered in the column flow-through. JD wvariants,
Atx3-Q13 and Atx3-Q54 were then concentrated to
150-180 pm, aliquoted, and stored at —80 °C until use. Atx3-
Q69 was diluted with 20 mm Tris—HCI, 5% glycerol (v/v),
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pH 7.2 to reduce NaCl concentration down to 50 mm, and
loaded onto a Capto Q ionic exchange column (Cytiva,
USA). Protein elution was performed by 60 CV linear gradi-
ent up to 100% of 20 mm Tris—HCI pH 7.2, 1 m NaCl, 5%
glycerol (v/v). Fractions eluted at 20/30% of elution buffer
were selected, aliquoted, and stored at —80 °C until use. All
purification steps were performed at RT and 4 °C for JD
variants and Atx3 variants, respectively. Protein quality was
assessed by SDS/PAGE. Protein concentration was deter-
mined by UV absorption at 280 nm using the predicted
molar extinction coefficients (e(JD): 25440 M~ '.em™', ¢
(Atx3): 26930 M~ '-cm™!). Immediately before each aggrega-
tion assay, protein samples were subjected to size exclusion
chromatography (SEC) to isolate monomeric protein from
aggregates. SEC was performed using Hi Load 16/600 75 s
or Increase 10/300 75 s (Cytiva, USA) pre-equilibrated in
aggregation buffer (20 mm Sodium Phosphate pH 6.5 or
20 mMm Hepes pH 7.5, 150 mm NacCl).

His-tagged JD, His-tagged Atx3-Q13, and His-tagged
Atx3-Q13 C-null, expressed from pDEST17 plasmids, were
purified as previously described and used without removing
the hexahistidine tag [30,36]. Immediately before each
aggregation assay, purified Atx3 aliquots were applied to a
Superose 12® 10/300 GL column (Cytiva, USA) pre-
equilibrated in aggregation buffer.

Stock solutions of TCEP, DTT, and 4,5-dihydroxy-
1,2-dithiane

DTT was purchased as powder from Fisher Scientific (prod-
uct N. 10386833; Fisher Bioreagents™), while TCEP was
purchased from Sigma-Aldrich (product N. C4706; Sigma
Aldrich, Merck, Germany). Stock solutions of DTT and
TCEP were prepared by dissolving the powder in aggrega-
tion buffer (20 mm Sodium Phosphate, pH 6.5, or in 20 mm
Hepes, pH 7.5, 150 mm NaCl) and stored at —20 °C until
use. Stock solutions of 4,5-dihydroxy-1,2-dithiane (DTTox)
were obtained by incubating a 4.76 mm DTT fresh solution
at 60 °C for 120 h. The efficacy of the oxidation protocol
was assessed by the acquisition of 1D '"H NMR spectrum,
as well as the stability at 37 °C of freshly dissolved DTT
and TCEP. NMR experiments were acquired on 1 mm sam-
ples using an 800 MHz Bruker spectrometer, in aggregation
buffer supplemented with 10% D2O. The stability of each
compound was assessed at 37 °C over time by maintaining
the samples in the magnet at 37 °C. Sequential 1D 'H
NMR spectra were acquired every 6 h up to 160 h.

Thioflavin T aggregation assay

Protein aggregation was monitored by fluorescence emis-
sion of Thioflavin T (ThT, product N. T3516; Sigma-
Aldrich, Merck, Germany), a widely used fluorescent probe
for detecting amyloid-like aggregates [79-82]. ThT
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fluorescence measurements were performed in aggregation
buffer containing 26-30 pM ThT (20 mm Sodium Phos-
phate, pH 6.5, or in 20 mMm Hepes, pH 7.5, 150 mm NaCl),
at 37 °C or 50 °C, on freshly SEC-purified protein samples.
JD variants, Atx3-Q13, Atx3-Q54, and Atx3-Q69 were
tested at 14 pm, while His-tagged Atx3-Q13 and His-tagged
Atx3-Q13 C-null were tested at 5 um.

Measurements at 37 °C on JD variants and Atx3-QI13
were performed in static mode using a CLARIOstar Plus
MicroPlate reader (BMG LabTech, Ortenberg, Germany).
Samples were incubated in sterile clear-bottomed 96-well
black plates (Perkin Elmer, USA), sealed with transparent
tape to prevent sample evaporation (Perkin Elmer, Shelton,
CT, USA). Measurements were performed at least in tripli-
cate, using a 200 pL sample for each replicate.

Measurements at 37 °C on His-tagged Atx3-Q13 and
His-tagged Atx3-Q13 C-null were performed using a Fluo-
Dia T70 microplate fluorimeter (Photon Technology Inter-
national, HORIBA, Edison, NJ, USA), as previously
described [30,36].

Measurements at 50 °C were performed on 1.2 mL sam-
ples in aggregation buffer containing 26 pm ThT. Protein
solution was incubated at 50 °C, without stirring, in a 1 cm
path quartz cuvette in a Jasco FP-8500 spectrofluorometer
equipped with a Jasco ETC-815 Peltier as temperature con-
troller. Spectra were recorded every 5 min under excitation
at 440 nm in the range 435-700 nm, using 0.5 nm wave-
length intervals, excitation bandwidth of 2.5 nm, emission
bandwidth of 5 nm, scan speed of 100 nm-min~"', and inte-
gration time of 1 s.

DTT, TCEP, and 4,5-dihydroxy-1,2-dithiane were added
to the protein samples at a final concentration ranging
from 0.25 mm to 1 mwm.

Atx3-Q13 stability test

Atx3-Q13 stability at 37 and 50 °C was monitored over
time by SDS/PAGE analysis. 330 pL of freshly purified
protein samples at 14 pm in 20 mm sodium phosphate, pH
6.5, supplemented with 1 mm TCEP or 1 mm DTT, were
incubated in filled PCR tubes in a static thermoblock at 37
or 50 °C. Aliquots of 5 pL were taken from the bottom of
each tube at different timepoints, treated with NuPAGE™
LDS Sample Buffer (Invitrogen™, Thermo Fisher Scien-
tific, Carlsbad, CA, USA) or with the same buffer supple-
mented with 10 mm B-mercaptoethanol, and run on a
NuPAGE Bis-Tris 4-12% gel (Invitrogen™, Thermo Fisher
Scientific). All gels were stained with Instant Blue staining
solution (Abcam, Cambridge, UK).

Atomic force microscopy measurements

Monomeric proteins, aggregation time points, and the end-
points of the ThT aggregation kinetics were diluted 1 : 100

Redox-dependent aggregation of ataxin-3

or 1 : 500 in 20 mm Hepes, pH 7.5, and deposited on a mica
substrate previously functionalized with 1 m MgCl, to favor
protein adhesion to the substrate. Excess of solution was
removed after 10 min of incubation, and sample-loaded mica
was rinsed with milliQ water and gently dried by flushing
with gaseous N,. AFM measurements were carried out in air
using a Bruker FAST-SCAN microscope. Scans were
obtained in the soft tapping mode using a FAST-SCAN-A
probe with an apical radius of about 5 nm. Each image was
obtained with a resolution comparable to the tip radius,
spring constant of 18 N-m~', and resonance frequency of
1400 kHz. Each sample was typically characterized by
acquiring images from three distinct regions of the sample.

Saturation transfer difference NMR

STD-NMR experiments were employed to assess the bind-
ing affinity of JD for DTT, TCEP, or 4,5-dihydroxy-1,2-
dithiane [83,84]. Samples were prepared by adding 10 pum
freshly purified JD to 500 pmM compound to assure a pro-
tein:ligand stoichiometric ratio of 1 : 50. Experiments were
recorded at 310 K on an 800 MHz Bruker NMR spectrom-
eter. Saturation was achieved with irradiation frequencies
of — 40.0 ppm (off-resonance experiment) and 9.00 ppm
(on-resonance experiments) for DTT and 4,5-dihydroxy-
1,2-dithiane, or 10.00 ppm for TCEP. All experiments were
acquired using 3 s saturation time and 256 scans. Free
compound samples were used as controls. All experiments
were performed in 20 mm sodium phosphate, pH 6.5. 4,5-
dihydroxy-1,2-dithiane binding affinity for JD aggregates
was also assessed. In this case, 14 pum of freshly purified JD
was added to 700 pum 4,5-dihydroxy-1,2-dithiane, still main-
taining a 1 : 50 protein:ligand ratio. The mixture was incu-
bated at 310 K in the NMR spectrometer and monitored
for 160 h, acquiring STD-NMR experiments every hour.

NMR titration

NMR titration was employed to test the binding of DTT,
TCEP, and 4,5-dihydroxy-1,2-dithiane to JD. 'N-labeled
JD was produced by growing transformed E. coli compe-
tent cells in minimal medium containing >N ammonium
sulfate as the sole nitrogen source. Protein expression and
purification were carried out as already described. Bidimen-
sional 'H-'>N HSQC spectra were recorded at 298 K on an
800 MHz Bruker NMR spectrometer. 50 pm >N JD sam-
ple in 20 mMm sodium phosphate pH 6.5 was progressively
titrated with the compound, following a stoichiometric
ratio protein:compound of 1:0, 1:0.25, 1:0.5, 1:0.75,
1:1,1: 1.5 'H-'>N HSQC spectra were acquired for each
titration point and processed by the CcpNmr Analysis soft-
ware [85]. Resonance assignment was performed by trans-
ferring the deposited chemical shifts list (bmrb accession
number: 6241) [76].
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Evaluation of intermolecular disulfide bonds

Evaluation of intermolecular disulfide bonds in JD and
Atx3 variants was assessed by SDS/PAGE analysis. Briefly,
aliquots of monomeric proteins, aggregation time points,
and the endpoints of the ThT aggregation kinetics were
treated with home-made SDS/PAGE loading buffer or
NuPAGE™ LDS Sample Buffer (Invitrogen, Thermo
Fisher Scientific) (nonreducing conditions) or with the same
buffers supplemented with 10 mm BME (reducing condi-
tions). Samples were run on a NuPAGE Bis-Tris 4-12%
gel (Invitrogen™, Thermo Fisher Scientific) or 4-20%
Mini-PROTEAN® TGX™ (BioRad, Hercules, CA, USA)
precast protein gels. These were stained with Instant Blue
(Abcam, UK) or BlueSafe (NZYtech, Lisbon, Portugal)
staining solutions.

Circular dichroism

CD measurements were performed on JD single and double
point mutants to evaluate whether all variants maintain the
same secondary structure of the wild-type protein. Each
mutant was tested at a concentration of 14 um in 20 mm
sodium phosphate, pH 6.5. CD measurements were per-
formed in a 1 mm quartz cuvette (Hellma Analytics,
Hellma Italia S.r.l. Milan, Italy), at RT, using a Jasco J-
1500 spectropolarimeter equipped with a Jasco CTU-100
temperature controller. Each spectrum was recorded from
260 to 195 nm, using a scan speed of 50 nm-min_l, 2 nm
bandwidth, and data pitch of 0.1 nm. Each spectrum is the
result of the average of 10 accumulations.

LC-MS/MS analysis

The protein samples, after incubation in the presence of
DTT for 25 h at 37 °C, were separated by nonreducing
4-20% Mini-PROTEAN® TGX™ precast protein gels
(BioRad), and stained with BlueSafe (NZYtech, Portugal)
protein dye. The bands corresponding to an intermediate
dimer species formed during the aggregation reaction were
excised from the gel, reduced with fresh DTT, and alkylated
with iodoacetamide. In some conditions, the samples were
not reduced to identify peptides linked by disulfide bonds.
All samples were digested enzymatically in-gel with trypsin
and purified using C18 ZipTips (MilliporeSigma, Darmstadt,
Germany). Protein identification and quantitation was per-
formed by nanoLC-MS/MS as previously described with
minor adjustments [86,87]. Briefly, the purified peptides from
each sample were loaded onto a trapping cartridge (PepMap
Neo CI8, 300 um x 5 mm i.d., 174500, Thermo Scientific,
Germany). Next, the trap column was switched in-line to a
60 cm column (Aurora Frontier XT, Ionopticks, Australia).
A 116 min separation was achieved by mixing 0.1% formic
acid (A) and 100% acetonitrile supplemented with 0.1% for-
mic acid (B), with the following gradient at a flow of

M. Podlasiak et al.

250 nL-min~": 2 min (0% B to 4% B), 20 min (4.0% B to
12.0% B), 65 min (12.0% B to 28% B), 11 min (28% B to
45% B), 2 min (45% B to 85% B), and 16 min at 85% B.
Subsequently, the column was equilibrated with 100% A.
Data acquisition was controlled by Xcalibur 4.7 and Tune
4.1.4244 software (Thermo Scientific, Bremen, Germany).
MS results were obtained following a Data Dependent
Acquisition—DDA procedure. MS acquisition was per-
formed with the Orbitrap detector at 120 000 resolution in
positive mode, quadrupole isolation, scan range (m/z)
375-1500, RF Lens 30%, standard AGC target, maximum
injection time was set to auto, 1 microscan, data type profile
and without source fragmentation. FAIMS mode: standard
resolution, total carrier gas flow: static 4 L-min~!, FAIMS
CV: —45, —60, and —75 (cycle time, 1 s). Internal Mass cali-
bration: Run-Start Easy-IC. Filters: MIPS, monoisotopic
peak determination: peptide, charge state: 2-7, dynamic
exclusion 30 s, intensity threshold, 5.0e3. MS/MS data
acquisition parameters: quadrupole isolation window 1.8
(m/z), activation type: HCD (30% CE), detector: ion trap,
IT scan rate: rapid, mass range: normal, scan range mode:
auto, normalized AGC target 100%, maximum injection
time: 35 ms, data type centroid.

The raw data were processed using the Proteome Discov-
erer 3.1.1.93 software (Thermo Scientific) and searched
against a FASTA file containing the proteins of interest. A
common protein contaminant list from MaxQuant was also
included in the analysis. The Sequest HT search engine was
used to identify tryptic peptides. The ion mass tolerance was
10 ppm for precursor ions and 0.5 Da for fragment ions.
The maximum allowed missing cleavage sites was set to two.
Cysteine carbamidomethylation, methionine oxidation, dea-
midation of glutamine and asparagine, peptide terminus glu-
tamine to pyroglutamate, and protein N-terminal acetylation,
Met-loss, and Met-loss+acetyl were defined as variable modi-
fications. Peptide confidence was set to high. The processing
node Percolator was enabled with the following settings:
maximum delta Cn 0.05; target FDR (strict) was set to 0.01
and target FDR (relaxed) was set to 0.05, validation based
on q-value. Protein label-free quantitation was performed
with the Minora feature detector node at the processing step.
Precursor ions quantification was performed at the consensus
step with the following parameters: inclusion of unique plus
razor peptides, precursor abundance based on intensity, and
normalization based on total peptide amount.

Author contributions

CA and SMR were involved in conceptualization,
supervision, data analysis, resources, and funding
acquisition; MS, MP, MAM, EM, RS, OC, LP, MM,
and AF were involved in experimentation and analysis;
MS and CA were involved in writing—original draft
preparation; MP, SMR, and CA were involved in

18 © 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U8017 SUOLILLIOD @A 18810 3(eoldde ayy Aq peusenob ae ssjoie YO ‘8sn Jo el 1oy ArIqiT8uIIUO 3|1 UO (SUONIPUCD-pUe-SLLLIBYWOY"AB | 1M ARIq U1 [UO//SdNL) SUORIPUOD PUe SWid | 8u 88S *[9202/70/80] U0 AfeiqiTaulluo A8|IM Bkd 1a 1pMS 11Bea AiseAIuN AQ 9240/ SEY/TTTT OT/I0p/W0d A8 im Arelq 1 jpuljuo'saey//Sdny Wwouy papeojumod ‘0 ‘89vzy.LT



M. Podlasiak et al.

writing—review and editing. All authors have read
and agreed to the published version of the manuscript.

Acknowledgements

CA lab was supported by the National Recovery and
Resilience Plan (NRRP), Mission 4 Component 2
Investment 1.4 — Call for tender No. 3138 of 16 Decem-
ber 2021, rectified by Decree n.3175 of 18 December
2021 of the Italian Ministry of University and Research
funded by the European Union—NextGenerationEU.
Project code CN_00000033, Concession Decree No.
1034 of 17 June 2022 adopted by the Italian Ministry of
University and Research, CUP B73C21001300006, Pro-
ject title ‘National Biodiversity Future Center — NBFC’.
SMR laboratory was supported by Ataxia-UK, AISA
(Associazione Italiana per la lotta alle Sindromi Atas-
siche), ACAH (Catalan Association of Hereditary
Ataxias), Swedish SCA-network, and Plataforma
R + SCAs and by the Horizon2020 project PhasAGE
(GA 952334). MP acknowledges the doctoral fellowship
from FCT — Fundagao para a Ciéncia e a Tecnologia,
I.P., Portugal (https://doi.org/10.54499/2021.07800.BD)
and the Molecular and Cell Biology doctoral program
at [CBAS.

The authors acknowledge the ATeN Center of the
University of Palermo for infrastructure support, the
Biochemical and Biophysical Technology Platform at
i3S for access to equipment for protein production and
characterization, Daniele Gulli and Giampiero Buscar-
ino for technical support in AFM experiments, and
Pedro Martins, Annalisa Pastore, and Valeria Vetri for
useful discussions.

Conflict of interest

The authors declare no conflict of interest.

Peer review

The peer review history for this article is available at
https://www.webofscience.com/api/gateway/wos/peer-
review/10.1111/febs.70426.

Data availability statement

All data are available from the corresponding author
upon reasonable request.

References

1 Kawaguchi Y, Okamoto T, Taniwaki M, Aizawa M,
Inoue M, Katayama S, Kawakami H, Nakamura S,

10

12

14

15

Redox-dependent aggregation of ataxin-3

Nishimura M & Akiguchi I (1994) CAG expansions in
a novel gene for Machado-Joseph disease at
chromosome 14q32.1. Nat Genet 8, 221-228.

Diirr A, Stevanin G, Cancel G, Duyckaerts C, Abbas
N, Didierjean O, Chneiweiss H, Benomar A, Lyon-
Caen O, Julien J et al. (1996) Spinocerebellar ataxia 3
and Machado-Joseph disease: clinical, molecular, and
neuropathological features. Ann Neurol 39, 490-499.
Paulson HL, Das SS, Crino PB, Perez MK, Patel SC,
Gotsdiner D, Fischbeck KH & Pittman RN (1997)
Machado-Joseph disease gene product is a cytoplasmic
protein widely expressed in brain. Ann Neurol 41, 453-462.
Costa M d C & Paulson HL (2012) Toward
understanding Machado-Joseph disease. Prog Neurobiol
97, 239-257.

Klockgether T, Mariotti C & Paulson HL (2019)
Spinocerebellar ataxia. Nat Rev Dis Prim 5, 24.
Gatchel JR & Zoghbi HY (2005) Diseases of unstable
repeat expansion: mechanisms and common principles.
Nat Rev Genet 6, 743-755.

Adegbuyiro A, Sedighi F, Pilkington AW, Groover S &
Legleiter J (2017) Proteins containing expanded
polyglutamine tracts and neurodegenerative disease.
Biochemistry 56, 1199-1217.

Stoyas CA & La Spada AR (2018) The
CAG-polyglutamine repeat diseases: a clinical,
molecular, genetic, and pathophysiologic nosology.
Handbook of Clinical Neurology 147, 143-170.
Yushchenko T, Deuerling E & Hauser K (2018)
Insights into the aggregation mechanism of PolyQ
proteins with different glutamine repeat lengths. Biophys
J 114, 1847-1857.

Robertson AL & Bottomley SP (2012) Molecular
pathways to polyglutamine aggregation. In Tandem
Repeat Polymorphisms (Hannan AJ, ed.), pp. 115-124.
Springer New York, New York, NY.

Barbosa Pereira PJ, Manso JA & Macedo-Ribeiro S
(2023) The structural plasticity of polyglutamine
repeats. Curr Opin Struct Biol 80, 102607.

Uchihara T, Fujigasaki H, Koyano S, Nakamura A,
Yagishita S & Iwabuchi K (2001) Non-expanded
polyglutamine proteins in intranuclear inclusions of
hereditary ataxias--triple-labeling immunofluorescence
study. Acta Neuropathol (Berl) 102, 149-152.

Paulson HL, Perez MK, Trottier Y, Trojanowski JQ,
Subramony SH, Das SS, Vig P, Mandel JL, Fischbeck
KH & Pittman RN (1997) Intranuclear inclusions of
expanded polyglutamine protein in spinocerebellar
ataxia type 3. Neuron 19, 333-344.

Chai Y, Koppenhafer SL, Bonini NM & Paulson HL
(1999) Analysis of the role of heat shock protein (Hsp)
molecular chaperones in polyglutamine disease. J
Neurosci 19, 10338—-10347.

Chai Y, Koppenhafer SL, Shoesmith SJ, Perez MK &
Paulson HL (1999) Evidence for proteasome

© 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of 19

Federation of European Biochemical Societies.

85U8017 SUOLILLIOD @A 18810 3(eoldde ayy Aq peusenob ae ssjoie YO ‘8sn Jo el 1oy ArIqiT8uIIUO 3|1 UO (SUONIPUCD-pUe-SLLLIBYWOY"AB | 1M ARIq U1 [UO//SdNL) SUORIPUOD PUe SWid | 8u 88S *[9202/70/80] U0 AfeiqiTaulluo A8|IM Bkd 1a 1pMS 11Bea AiseAIuN AQ 9240/ SEY/TTTT OT/I0p/W0d A8 im Arelq 1 jpuljuo'saey//Sdny Wwouy papeojumod ‘0 ‘89vzy.LT


https://doi.org/10.54499/2021.07800.BD
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/febs.70426
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/febs.70426
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/febs.70426
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/febs.70426

Redox-dependent aggregation of ataxin-3

16

17

18

19

20

21

22

23

24

25

20

involvement in polyglutamine disease: localization to
nuclear inclusions in SCA3/MJD and suppression of
polyglutamine aggregation in vitro. Hum Mol Genet 8,
673-682.

Schmidt T, Lindenberg KS, Krebs A, Schols L,
Laccone F, Herms J, Rechsteiner M, Riess O &
Landwehrmeyer GB (2002) Protein surveillance
machinery in brains with spinocerebellar ataxia type 3:
Redistribution and differential recruitment of 26S
proteasome subunits and chaperones to

neuronal intranuclear inclusions. Ann Neurol 51, 302—
310.

Hayashi M, Kobayashi K & Furuta H (2003)
Immunohistochemical study of neuronal intranuclear
and cytoplasmic inclusions in Machado-Joseph disease.
Psychiatry Clin Neurosci 57, 205-213.

Seidel K, den Dunnen WFA, Schultz C, Paulson H,
Frank S, de Vos RA, Brunt ER, Deller T, Kampinga
HH & Riib U (2010) Axonal inclusions in
spinocerebellar ataxia type 3. Acta Neuropathol (Berl)
120, 449-460.

Seidel K, Siswanto S, Fredrich M, Bouzrou M, den
Dunnen WFA, Ozerden 1, Korf H-W, Melegh B, de
Vries JJ, Brunt ER ez al. (2017) On the distribution of
intranuclear and cytoplasmic aggregates in the
brainstem of patients with spinocerebellar ataxia type 2
and 3. Brain Pathol 27, 345-355.

Masino L, Musi V, Menon RP, Fusi P, Kelly G,
Frenkiel TA, Trottier Y & Pastore A (2003) Domain
architecture of the polyglutamine protein ataxin-3: a
globular domain followed by a flexible tail. FEBS Lett
549, 21-25.

Harris GM, Dodelzon K, Gong L, Gonzalez-Alegre P
& Paulson HL (2010) Splice isoforms of the
polyglutamine disease protein ataxin-3 exhibit similar
enzymatic yet different aggregation properties. PLoS
One 5, e13695.

Chow MKM, Mackay JP, Whisstock JC, Scanlon MJ &
Bottomley SP (2004) Structural and functional analysis
of the Josephin domain of the polyglutamine protein
ataxin-3. Biochem Biophys Res Commun 322, 387-394.
Mao Y, Senic-Matuglia F, Di Fiore PP, Polo S,
Hodsdon ME & De Camilli P (2005) Deubiquitinating
function of ataxin-3: insights from the solution
structure of the Josephin domain. Proc Natl Acad Sci
USA 102, 12700-12705.

Nicastro G, Menon RP, Masino L, Knowles PP,
McDonald NQ & Pastore A (2005) The solution
structure of the Josephin domain of ataxin-3: structural
determinants for molecular recognition. Proc Natl Acad
Sci USA 102, 10493-10498.

Bevivino AE & Loll PJ (2001) An expanded glutamine
repeat destabilizes native ataxin-3 structure and
mediates formation of parallel beta -fibrils. Proc Nat!
Acad Sci USA 98, 11955-11960.

26

27

28

29

30

31

32

33

34

35

36

37

M. Podlasiak et al.

Ellisdon AM, Thomas B & Bottomley SP (2006) The
two-stage pathway of ataxin-3 fibrillogenesis involves a
polyglutamine-independent step. J Biol Chem 281,
16888-16896.

Ellisdon AM, Pearce MC & Bottomley SP (2007)
Mechanisms of ataxin-3 misfolding and fibril formation:
kinetic analysis of a disease-associated polyglutamine
protein. J Mol Biol 368, 595-605.

Masino L, Nicastro G, De Simone A, Calder L, Molloy
J & Pastore A (2011) The Josephin domain determines
the morphological and mechanical properties of ataxin-
3 fibrils. Biophys J 100, 2033-2042.

Masino L, Nicastro G, Menon RP, Dal Piaz F, Calder
L & Pastore A (2004) Characterization of the structure
and the amyloidogenic properties of the Josephin
domain of the polyglutamine-containing protein ataxin-
3. J Mol Biol 344, 1021-1035.

Gales L, Cortes L, Almeida C, Melo CV, Costa M d C,
Maciel P, Clarke DT, Damas AM & Macedo-Ribeiro S
(2005) Towards a structural understanding of the
fibrillization pathway in Machado-Joseph’s disease:
trapping early oligomers of non-expanded ataxin-3. J
Mol Biol 353, 642-654.

Scarff CA, Almeida B, Fraga J, Macedo-Ribeiro S,
Radford SE & Ashcroft AE (2015) Examination of
ataxin-3 (atx-3) aggregation by structural mass
spectrometry techniques: a rationale for expedited
aggregation upon polyglutamine (polyQ) expansion.
Mol Cell Proteomics 14, 1241-1253.

Menon RP & Pastore A (2006) Expansion of amino
acid homo-sequences in proteins: insights into the role
of amino acid homo-polymers and of the protein
context in aggregation. Cell Mol Life Sci 63, 1677—
1685.

Duennwald ML, Jagadish S, Muchowski PJ &
Lindquist S (2006) Flanking sequences profoundly alter
polyglutamine toxicity in yeast. Proc Natl Acad Sci
USA 103, 11045-11050.

de Chiara C, Menon RP, Dal Piaz F, Calder L &
Pastore A (2005) Polyglutamine is not all: the
functional role of the AXH domain in the ataxin-1
protein. J Mol Biol 354, 883-893.

Thakur AK, Jayaraman M, Mishra R, Thakur M,
Chellgren VM, Byeon I-JL, Anjum DH, Kodali R,
Creamer TP, Conway JF ez al. (2009) Polyglutamine
disruption of the huntingtin exon 1 N terminus triggers
a complex aggregation mechanism. Nat Struct Mol Biol
16, 380-389.

Figueiredo F, Lopes-Marques M, Almeida B,
Matscheko N, Martins PM, Silva A & Macedo-Ribeiro
S (2022) A robust assay to monitor ataxin-3 amyloid
fibril assembly. Cells 11, 1969.

Figueiredo F, Sarkdny Z, Silva A, Vilasboas-Campos
D, Maciel P, Teixeira-Castro A, Martins PM &
Macedo-Ribeiro S (2023) Drug repurposing of

© 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U8017 SUOLILLIOD @A 18810 3(eoldde ayy Aq peusenob ae ssjoie YO ‘8sn Jo el 1oy ArIqiT8uIIUO 3|1 UO (SUONIPUCD-pUe-SLLLIBYWOY"AB | 1M ARIq U1 [UO//SdNL) SUORIPUOD PUe SWid | 8u 88S *[9202/70/80] U0 AfeiqiTaulluo A8|IM Bkd 1a 1pMS 11Bea AiseAIuN AQ 9240/ SEY/TTTT OT/I0p/W0d A8 im Arelq 1 jpuljuo'saey//Sdny Wwouy papeojumod ‘0 ‘89vzy.LT



. Podlasiak et al.

dopaminergic drugs to inhibit ataxin-3 aggregation.
Biomed Pharmacother 165, 115258.

50

Redox-dependent aggregation of ataxin-3

Han JC & Han GY (1994) A procedure for quantitative
determination of tris(2-carboxyethyl)phosphine, an

38 Chow MKM, Ellisdon AM, Cabrita LD & Bottomley odorless reducing agent more stable and effective than
SP (2004) Polyglutamine expansion in ataxin-3 does not dithiothreitol. Anal Biochem 220, 5-10.
affect protein stability: implications for misfolding and 51 Getz EB, Xiao M, Chakrabarty T, Cooke R & Selvin
disease. J Biol Chem 279, 47643-47651. PR (1999) A comparison between the sulfhydryl

39 Lupton CJ, Steer DL, Wintrode PL, Bottomley SP, reductants tris(2-carboxyethyl)phosphine and
Hughes VA & Ellisdon AM (2015) Enhanced dithiothreitol for use in protein biochemistry. Anal
molecular mobility of ordinarily structured regions Biochem 273, 73-80.
drives polyglutamine disease. J Biol Chem 290, 24190— 52 Mthembu SN, Sharma A, Albericio F & de la Torre
24200. BG (2020) Breaking a couple: disulfide reducing agents.

40 Silva A, Almeida B, Fraga JS, Taboada P, Martins Chembiochem 21, 1947-1954.

PM & Macedo-Ribeiro S (2017) Distribution of 53 Leinartaité L & Johansson A-S (2013) Disulfide
amyloid-like and oligomeric species from protein scrambling in superoxide dismutase 1 reduces its
aggregation kinetics. Angew Chem Int Ed Engl 56, cytotoxic effect in cultured cells and promotes protein
14042-14045. aggregation. PLoS One 8, ¢78060.

41 Liu P, O’Mara BW, Warrack BM, Wu W, Huang Y, 54 Arunagiri A, Alam M, Haataja L, Draz H, Alasad B,
Zhang Y, Zhao R, Lin M, Ackerman MS, Hocknell Samy P, Sadique N, Tong Y, Cai Y, Shakeri H et al.
PK et al. (2010) A tris (2-carboxyethyl) phosphine (2024) Proinsulin folding and trafficking defects trigger
(TCEDP) related cleavage on cysteine-containing a common pathological disturbance of endoplasmic
proteins. J Am Soc Mass Spectrom 21, 837-844. reticulum homeostasis. Protein Sci 33, €4949.

42 Mauri PL, Riva M, Ambu D, De Palma A, Secundo F, 55 Kirley TL, Greis KD & Norman AB (2018) Domain
Benazzi L, Valtorta M, Tortora P & Fusi P (2006) unfolding of monoclonal antibody fragments revealed
Ataxin-3 is subject to autolytic cleavage. FEBS J 273, by non-reducing SDS-PAGE. Biochem Biophys Rep 16,
4277-4286. 138-144.

43 Mikalauskaite K, Ziaunys M, Sneideris T & Smirnovas 56 Mossuto MF (2013) Disulfide bonding in
V (2020) Effect of ionic strength on thioflavin-T affinity neurodegenerative misfolding diseases. Int J Cell Biol
to amyloid fibrils and its fluorescence intensity. Int J 2013, 1-7.

Mol Sci 21, 8916. 57 Devi S, Chaturvedi M, Fatima S & Priya S (2022)

44 Arai T, Hasegawa M, Akiyama H, Ikeda K, Nonaka T, Environmental factors modulating protein
Mori H, Mann D, Tsuchiya K, Yoshida M, Hashizume conformations and their role in protein aggregation
Y et al. (2006) TDP-43 is a component of ubiquitin- diseases. Toxicology 465, 153049.
positive tau-negative inclusions in frontotemporal lobar 58 Martins PM, Navarro S, Silva A, Pinto MF, Sarkany
degeneration and amyotrophic lateral sclerosis. Biochem Z, Figueiredo F, Pereira PJB, Pinheiro F, Bednarikova
Biophys Res Commun 351, 602-611. Z, Burdukiewicz M et al. (2020) MIRRAGGE -

45 Mackenzie IRA & Rademakers R (2008) The role of minimum information required for reproducible
transactive response DNA-binding protein-43 in AGGregation experiments. Front Mol Neurosci 13,
amyotrophic lateral sclerosis and frontotemporal 582488.
dementia. Curr Opin Neurol 21, 693-700. 59 Scarff CA, Sicorello A, Tomé RJL, Macedo-Ribeiro S,

46 Neumann M, Sampathu DM, Kwong LK, Truax AC, Ashcroft AE & Radford SE (2013) A tale of a tail:
Micsenyi MC, Chou TT, Bruce J, Schuck T, Grossman structural insights into the conformational properties of
M, Clark CM et al. (2006) Ubiquitinated TDP-43 in the polyglutamine protein ataxin-3. Int J Mass
frontotemporal lobar degeneration and amyotrophic Spectrom 345-347, 63-70.
lateral sclerosis. Science 314, 130—-133. 60 Lee S & Eisenberg D (2003) Seeded conversion of

47 Rabdano SO, Izmailov SA, Luzik DA, Groves A, recombinant prion protein to a disulfide-bonded
Podkorytov IS & Skrynnikov NR (2017) Onset oligomer by a reduction-oxidation process. Nat Struct
of disorder and protein aggregation due to Biol 10, 725-730.
oxidation-induced intermolecular disulfide bonds: case 61 Kim D, Lim S, Haque MM, Ryoo N, Hong HS, Rhim
study of RRM2 domain from TDP-43. Sc¢i Rep 7, H, Lee D-E, Chang Y-T, Lee J-S, Cheong E et al.
11161. (2015) Identification of disulfide cross-linked tau dimer

48 Cleland WW (1964) Dithiothreitol, a new protective responsible for tau propagation. Sci Rep 5, 15231.
reagent for SH groups. Biochemistry 3, 480-482. 62 Furukawa Y, Fu R, Deng H-X, Siddique T &

49 Stevens R, Stevens L & Price N (1983) The stabilities of O’Halloran TV (2006) Disulfide cross-linked protein
various thiol compounds used in protein purifications. represents a significant fraction of ALS-associated Cu,
Biochem Educ 11, 70. Zn-superoxide dismutase aggregates in spinal cords

© 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of 21

Federation of European Biochemical Societies.

85UBD|7 SUOWWOD @AIR.D 3ol (dde 8y} Ag pausenob ke sl YO ‘@SN JO San. o A%eiq1T 8UljUO A3]1M UO (SUORIPUOD-PUR-SLUBI W00 A3 IM AReiq 1 U1 |UO//SdNY) SUORIPUOD PUe swiie 1 8Ly 88S *[9202/70/80] U0 AriqiTauliuo AB|IM ‘Bkd 1A IPMiS 116ea A1sienlun Aq 92v02 SGeyTTTT OT/I0p/W00 A3 | im Akeiq | puliu0'SERy//Sd1y Wouy papeo|umoq ‘0 ‘859v2y.T



Redox-dependent aggregation of ataxin-3

63

64

65

66

67

68

69

70

71

72

73

74

22

of model mice. Proc Natl Acad Sci USA 103, 7148~
7153.

Karch CM, Prudencio M, Winkler DD, Hart PJ &
Borchelt DR (2009) Role of mutant SODI disulfide
oxidation and aggregation in the pathogenesis of
familial ALS. Proc Natl Acad Sci USA 106,
7774-7779.

Pal S, Sommerfeldt A, Davidsen MB, Hinge M,
Pedersen SU & Daasbjerg K (2020) Synthesis and
closed-loop recycling of self-immolative
poly(dithiothreitol). Macromolecules 53, 4685-4691.
Lukesh JC, VanVeller B & Raines RT (2013) Thiols
and selenols as electron-relay catalysts for disulfide-
bond reduction. Angew Chem Int Ed 52, 12901-12904.
Lee SH & Kohn H (2003) Phosphine-assisted
rearrangement of 4,5-Dihydroxy-1,2-dithianes to 4-
Hydroxy-3-mercaptotetrahydrothiophenes. ChemiInform
34, 200320173.

McNulty J, Krishnamoorthy V, Amoroso D & Moser
M (2015) Tris(3-hydroxypropyl)phosphine (THPP): a
mild, air-stable reagent for the rapid, reductive cleavage
of small-molecule disulfides. Bioorg Med Chem Lett 25,
4114-4117.

Pacheco LS, Da Silveira AF, Trott A, Houenou LJ,
Algarve TD, Bellé C, Lenz AF, Manica-Cattani MF &
Da Cruz IBM (2013) Association between
Machado—Joseph disease and oxidative stress
biomarkers. Mutat Res Genet Toxicol Environ Mutagen
757, 99-103.

De Assis AM, Saute JAM, Longoni A, Haas CB,
Torrez VR, Brochier AW, Souza GN, Furtado GV,
Gheno TC, Russo A et al. (2017) Peripheral oxidative
stress biomarkers in spinocerebellar ataxia type
3/Machado-Joseph disease. Front Neurol 8, 485.
Cenini G, Lloret A & Cascella R (2020) Oxidative
stress and mitochondrial damage in neurodegenerative
diseases: from molecular mechanisms to targeted
therapies. Oxidative Med Cell Longev 2020, 1-2.
Ionescu-Tucker A & Cotman CW (2021) Emerging
roles of oxidative stress in brain aging and Alzheimer’s
disease. Neurobiol Aging 107, 86-95.

Teleanu DM, Niculescu A-G, Lungu II, Radu CI,
Vladacenco O, Roza E, Costachescu B, Grumezescu
AM & Teleanu RI (2022) An overview of oxidative
stress, neuroinflammation, and neurodegenerative
diseases. Int J Mol Sci 23, 5938.

Mohd Hisam NS & Wong KH (2024) Oxidative stress
in spinocerebellar ataxia type 3 and its attenuation by
herbal remedies in traditional Chinese medicine: a
systematic review. Antioxid 13, 375.

Yin Z, Yang Z, Liu Y, Zhao L & Liang F (2025)
Oxidative stress and neurodegenerative diseases: a
bidirectional Mendelian randomization study. Nutr
Neurosci 28, 107-115.

75

76

77

78

79

81

82

83

84

85

86

87

M. Podlasiak et al.

Bajpai A, Bharathi V & Patel BK (2025) Therapeutic
targeting of the oxidative stress generated by
pathological molecular pathways in the
neurodegenerative diseases, ALS and Huntington’s. Eur
J Pharmacol 987, 177187.

Nicastro G, Masino L, Frenkiel TA, Kelly G,
McCormick J, Menon RP & Pastore A (2004) Assignment
of the 1H, 13C, and 15N resonances of the Josephin
domain of human ataxin-3. J Biomol NMR 30, 457-458.
Sicorello A, Kelly G, Oregioni A, Novacek J, Sklenai V
& Pastore A (2018) The structural properties in
solution of the intrinsically mixed folded protein
Ataxin-3. Biophys J 115, 59-71.

Figura G, Koscianska E & Krzyzosiak WJ (2015) In
vitro expansion of CAG, CAA, and mixed CAG/CAA
repeats. Int J Mol Sci 16, 18741-18751.

Ban T, Hamada D, Hasegawa K, Naiki H & Goto Y
(2003) Direct observation of amyloid fibril growth
monitored by thioflavin T fluorescence. J Biol Chem
278, 16462-16465.

Sabaté R & Saupe SJ (2007) Thioflavin T fluorescence
anisotropy: an alternative technique for the study of
amyloid aggregation. Biochem Biophys Res Commun
360, 135-138.

Groenning M (2010) Binding mode of Thioflavin T and
other molecular probes in the context of amyloid fibrils-
current status. J Chem Biol 3, 1-18.

Biancalana M & Koide S (2010) Molecular mechanism
of Thioflavin-T binding to amyloid fibrils. Biochim
Biophys Acta 1804, 1405-1412.

Viegas A, Manso J, Nobrega FL & Cabrita EJ (2011)
Saturation-transfer difference (STD) NMR: a simple
and fast method for ligand screening and
characterization of protein binding. J Chem Educ 88,
990-994.

Krishnan V (2005) Ligand screening by saturation-
transfer difference (STD) NMR spectroscopy. Curr
Anal Chem 1, 307-320.

Vranken WF, Boucher W, Stevens TJ, Fogh RH, Pajon
A, Llinas M, Ulrich EL, Markley JL, Ionides J & Laue
ED (2005) The CCPN data model for NMR
spectroscopy: development of a software pipeline.
Proteins 59, 687-696.

Ferreira IA, Santos P, Mox6 JS, Teixeira C, Do Vale A
& Costas B (2024) Tenacibaculum maritimum can
boost inflammation in Dicentrarchus labrax upon
peritoneal injection but cannot trigger tenacibaculosis
disease. Front Immunol 15, 1478241.

Monteiro R, Cereija TB, Pombinho R, Voskuilen T,
Codée JDC, Sousa S, Morais-Cabral JH & Cabanes
D (2025) Molecular properties of the RmIT wall
teichoic acid rhamnosyltransferase that modulates
virulence in Listeria monocytogenes. Nat Commun

16, 24.

© 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U8017 SUOLILLIOD @A 18810 3(eoldde ayy Aq peusenob ae ssjoie YO ‘8sn Jo el 1oy ArIqiT8uIIUO 3|1 UO (SUONIPUCD-pUe-SLLLIBYWOY"AB | 1M ARIq U1 [UO//SdNL) SUORIPUOD PUe SWid | 8u 88S *[9202/70/80] U0 AfeiqiTaulluo A8|IM Bkd 1a 1pMS 11Bea AiseAIuN AQ 9240/ SEY/TTTT OT/I0p/W0d A8 im Arelq 1 jpuljuo'saey//Sdny Wwouy papeojumod ‘0 ‘89vzy.LT



M. Podlasiak et al.

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.
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Table S1. Amino acid sequences of protein constructs
used in this work.

Table S2. Nucleotide sequences of PCR primers and
synthetic cDNAs used in this work.
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