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Abstract: Synucleinopathies are a group of central nervous system pathologies that are characterized
by the intracellular accumulation of misfolded and aggregated α-synuclein in proteinaceous deposi-
tions known as Lewy Bodies (LBs). The transition of α-synuclein from its physiological to pathological
form has been associated with several post-translational modifications such as phosphorylation and
an increasing degree of insolubility, which also correlate with disease progression in post-mortem
specimens from human patients. Neuronal expression of α-synuclein in model organisms, including
Drosophila melanogaster, has been a typical approach employed to study its physiological effects.
Biochemical analysis of α-synuclein solubility via high-speed ultracentrifugation with buffers of
increasing detergent strength offers a potent method for identification of α-synuclein biochemical
properties and the associated pathology stage. Unfortunately, the development of a robust and
reproducible method for the evaluation of human α-synuclein solubility isolated from Drosophila
tissues has remained elusive. Here, we tested different detergents for their ability to solubilize
human α-synuclein carrying the pathological mutation A53T from the brains of aged flies. We also
assessed the effect of sonication on the solubility of human α-synuclein and optimized a protocol
to discriminate the relative amounts of soluble/insoluble human α-synuclein from dopaminergic
neurons of the Drosophila brain. Our data established that, using a 5% SDS buffer, the three-step
protocol separates cytosolic soluble, detergent-soluble and insoluble proteins in three sequential
fractions according to their chemical properties. This protocol shows that sonication breaks down
α-synuclein insoluble complexes from the fly brain, making them soluble in the SDS buffer and thus
enriching the detergent-soluble fraction of the protocol.

Keywords: α-synuclein; Drosophila; synucleinopathy; Parkinson’s disease; SDS; chemical fractionation

1. Introduction

Misfolding and aggregation of the product encoded in the human α-synuclein gene
(hSNCA) characterizes a group of nervous system disorders known as synucleinopathies [1,2].
These disorders include Parkinson’s disease (PD), the second most common neurode-
generative disease, PD dementia (PDD), multiple system atrophy (MSA), Lewy Body
dementia (LBD) and dementia with Lewy Body (DLB), among others [1,2], many of which
are classified under the umbrella term of parkinsonism due to their effects on motor control
(slowed movement, rigidity, and/or tremor). A common pathological hallmark of synucle-
opathies is the deposition of α-synuclein in intracellular neuronal inclusions termed Lewy
Bodies (LB).

Pathological α-synuclein is the major protein component of LBs, where it is mainly
found in its insoluble fibrillar form. Conversely, in neurons, physiological α-synuclein is
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located in the cytoplasm and/or is associated with membranous structures in synaptic
terminals in a soluble monomeric form [3]. Although monomeric α-synuclein can ag-
gregate spontaneously to form amyloid fibrils, which are the core components of LBs,
α-synuclein presents a stable conformation upon binding to lipid membranes [4]. The
transition of α-synuclein from its benign soluble form into the amyloidogenic fibrillar
conformation that constitutes the principal scaffold component of LBs is thought to be
caused by extensive post-translational modifications [5–10], rather than a mere increase in
its concentration [4,11]. Although, protein abundance positively correlates with a higher
propensity for aggregation [12–14]. Furthermore, the presence of LB and, consequently,
histopathologic deposition of α-synuclein occurs in 80–90% of PD cases.

In general, the increasing insolubility of α-synuclein and a decrease in soluble α-
synuclein in the frontal cortex of postmortem PD brains were reported to positively correlate
with both disease duration and disease stage [15]. Postmortem samples of the basal ganglia
and the limbic cortex from patients with idiopathic PD also show a drastic increase in
insoluble α-synuclein content compared to age-matched healthy controls [16].

Given the major role that α-synuclein plays in the pathophysiology of these neurode-
generative diseases, the ability of the fruit fly, Drosophila melanogaster, to express human
α-synuclein represents an invaluable system for investigating its effects on brain physiology,
behavior and disease progression, in PD in particular. The genetic amenability and tractability
of the fly have provided considerable insights into PD pathogenesis [17–34], demonstrating,
for instance, the selective vulnerability of dopaminergic neurons to α-synuclein toxicity [22],
the protective role of glucocerebrosidase against α-synuclein aggregation [19,27], the impor-
tance of the vacuolar protein sorting 35 (VPS35) for lysosomal α-synuclein degradation [26]
or the protective activity of the protein deglycase DJ-1 against oxidative stress [25].

The original work on the expression of hSNCA in the fly brain provided histological
evidence of α-synuclein aggregation, revealing the punctate immunostaining characteristic
of proteinaceous aggregates, and electron micrographs illustrating α-synuclein inclusions
with radiating protein filaments in neurons [22]. However, a robust biochemical charac-
terization of these α-synuclein inclusions in Drosophila models has been lacking; therefore,
the extent to which these α-synuclein aggregates resemble those found in LBs from human
brain specimens remains unclear. Given that the progression in the pathophysiology of
these diseases strongly depends on the transition from monomeric soluble α-synuclein
to increasingly insoluble species [15], it becomes critical to develop a robust protocol to
identify the specific α-synuclein species and their solubility status at each stage of the
model organism’s lifespan. Developing the tools and techniques for this identification is
instrumental to unravelling the molecular mechanisms that underlie the transition from
physiological soluble monomers to pathological insoluble aggregates or detecting their ther-
apeutic effects on α-synuclein assemblies for future physiological, behavioral or treatment
studies using Drosophila models of synucleopathies.

Here we implemented a multi-step fractionation protocol in which the second fraction
employs a buffer containing 5% SDS that solubilizes membrane-associated α-synuclein but
not insoluble α-synuclein. The combination of this buffer with a three-step serial fraction-
ation procedure exhibits a resolution that we could use to detect changes in α-synuclein
segregation upon sonication of the samples prior to the fractionation protocol, also demon-
strating that the aggregates formed in DA neurons of Drosophila can be disaggregated upon
this mechanical application.

2. Results
2.1. Differential Solubility of α-Synuclein in Selective Detergents

Disease progression largely correlates with the species-specific (from monomers to
oligomers and fibrils) accumulation of α-synuclein and its deposition into insoluble neu-
ronal inclusions (LBs) [15]. Chemical fractionation of human specimens or tissues from
vertebrate models has provided benchmark methods for the quantification of α-synuclein
solubility and the identification of pathology stage. To translate this methodology to
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Drosophila models of synucleinopathies, we first tested different buffers containing selec-
tive detergents for their ability to fractionate human α-synuclein (hSNCA) expressed in
dopaminergic (DA) neurons of the fly brain. Flies were aged up to 20 days post-eclosion
at 25C to allow time for α-synuclein aggregation; by this time point, the flies had devel-
oped significant behavioral and cellular phenotypes [22]. At this point, we snap-froze
the flies in liquid nitrogen and collected the heads of the controls (TH-Gal4/UAS-LacZ)
and α-synuclein expressing flies (TH-Gal4/UAS-hSNCAA53T). We then homogenized and
sonicated the samples prior to the procedure for sequential protein extractions. The multi-
step fractionation protocol resulted in three fractions where different detergent solvents
were tested in the second fraction: the first fraction (fraction 1: TBS-soluble) extracted
TBS-soluble proteins; the second fraction (fraction 2: detergent-soluble) extracted either
TBS-soluble (TBS-wash), SDS-soluble, or RIPA-soluble proteins; and, finally, we sonicated
and resuspended the TBS-insoluble, SDS-insoluble or RIPA-insoluble pellet in urea and
SDS (fraction 3: insoluble) (Figure 1A).

From the three protocols described above, we detected similar amounts of α-synuclein
in the TBS-soluble fractions (fraction 1) (Figure 1B,C). However, in the second fraction, we
only detected α-synuclein when solubilizing protein extracts in the SDS (SDS-soluble) or
RIPA (RIPA-soluble) buffers, with a significantly higher yield in the RIPA-soluble fraction
(Figure 1B,C). The second TBS fraction (fraction 2: TBS-wash) was unable to extract any
α-synuclein, indicating that the TBS-soluble α-synuclein was fully extracted in the first
fraction. The insoluble fractions (fraction 3) were resuspended in urea/SDS and we ob-
served low but detectable amounts of α-synuclein in the protocols that used the SDS buffer
(Table 1) for the second fraction (Figure 1B,C). However, we were not able to consistently
detect α-synuclein in the insoluble fraction that followed the RIPA extraction (fraction
3: RIPA-insoluble; Figure 1B,C), with it being detectable in two of the five experiments.
Together, these data indicate that expression of hSNCA in DA neurons of the fruit fly,
Drosophila melanogaster, led to the accumulation of TBS-insoluble α-synuclein, which was
most abundant in the detergent-containing fraction (SDS- and RIPA-soluble fraction 2)
of the protocol (Table S1). In addition, the brain-accumulated α-synuclein exhibited a
sufficiently high solubility in the RIPA buffer so that no additional protein was detectable
in the insoluble (urea) fraction.

Table 1. Chemical composition of the solutions for biochemical fractionation. Solutions and buffers
employed in this study are listed and their chemical compositions are specified. Note that the SDS
buffer only contains SDS, while the RIPA buffer contains SDS at a much lower concentration in
addition to NP-40 and sodium deoxycholate. All solutions contain 1× protease and phosphatase
inhibitors.

Name Composition Manufacturer (Catalog Number)

TBS 150 mM NaCl, 20 mM Tris base, pH = 7.6

SDS 5% w/v sodium dodecyl sulfate (SDS), 150 mM NaCl, 20 mM Tris base,
pH = 7.6

RIPA 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 25 mM
Tris HCl, pH = 7.6

Thermo Fisher Scientific, Waltham,
MA, USA (89900)

NP-40 1% NP-40 (74385, Sigma-Aldrich), 150 mM NaCl, 20 mM Tris base,
pH = 7.6

Triton X-100 1% TritonX-100 (T9284, Sigma-Aldrich), 150 mM NaCl, 20 mM Tris
base, 20 mM NaF, pH = 7.6

urea/SDS 8 M urea, 5% w/v SDS, 150 mM NaCl, 20 mM Tris base

4× Laemmli 0.02% bromophenol blue, 4.4% lithium dodecyl sulphate, 44.4%
glycerol, 277.8 mM Tris HCl, pH = 6.8

BioRad, Hercules, CA, USA
(1610747)

TBST 0.1% v/v Tween-20, 150 mM NaCl, 20 mM Tris base, pH = 7.4
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Next, we assessed the amount of α-tubulin, a soluble control protein, in each of these
fractions. We detected most of the protein in the TBS-soluble fraction (fraction 1), with no
significant differences between protocols (Figure 1B,D). Although some residual α-tubulin
was detected in the other two fractions, the amounts were never significant (Figure 1D
and Table S2). Therefore, α-tubulin remained in the soluble fraction irrespective of the
fractionation protocol employed, in contrast to the segregation observed for α-synuclein
throughout the different solubility fractions and protocols.

Furthermore, we employed the same exact protocols for control samples expressing
LacZ instead of hSNCA. In this case, the specific 15kDa band that the α-synuclein antibody
(4B12) detected did not appear in any fractions of head lysates (Figures 1B and S1), con-
firming the specificity of the signal and the lack of α-synuclein in flies that do not carry
the UAS-hSNCA transgene. On the other hand, the soluble control protein, α-tubulin, was
detected at a similar level in all the TBS-soluble fractions but remained undetectable or at
a very low level in the detergent-soluble or insoluble fractions, regardless of the protocol
employed (Figure S1).
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fractionation protocol and the extraction buffers employed in this experiment. (B) Representative
Western blot of head lysates from flies expressing hSNCAA53T in dopaminergic neurons. Fly heads
were fractionated using a 3-step protocol in which the second fraction uses a variable detergent
solvent, TBS, SDS or RIPA buffer. The first fraction (TBS-soluble) was loaded in lanes 1–4, second
fraction (TBS-wash, SDS-soluble or RIPA-soluble) was loaded in lanes 5–8 and the third fraction (in-
soluble) was loaded in lanes 9–12, while 2 ng of purified recombinant human α-synuclein monomers
(monomer) was loaded in lane 13 as positive control. Protein lysates were extracted from flies ex-
pressing hSNCAA53T in dopaminergic neurons (w; +/+; TH-Gal4/UAS-hSNCAA53T, lanes 1–3, 5–7,
9–11) and control flies (w; +/+; TH-Gal4/UAS-LacZ) as negative controls not expressing hSNCA
(lanes 4, 8, 12). The fractions were probed for α-synuclein (4B12, top panel) and α-tubulin (T6074,
bottom panel). (C) Quantification of α-synuclein content across independent experiments shows no
significant differences between the different solvents in the TBS-soluble fraction (Tukey’s multiple
comparisons; TBS vs. SDS, p = 0.9864; SDS vs. RIPA, p = 0.9972; TBS vs. RIPA, p = 0.9959) or the insol-
uble fraction (Tukey’s multiple comparisons; TBS vs. SDS, p = 0.7746; SDS vs. RIPA, p = 0.3137; TBS
vs. RIPA, p = 0.1097) but significantly more α-synuclein was detected in the SDS- and RIPA-soluble
fractions than in the TBS-wash (Tukey’s multiple comparisons; TBS vs. SDS, p = 0.0022; SDS vs. RIPA,
p = 0.0048; TBS vs. RIPA, p < 0.0001). (D) Quantification of α-tubulin content shows no significant
differences between the solvents (Tukey’s multiple comparisons; Fraction 1: TBS vs. SDS, p = 0.2462;
SDS vs. RIPA, p = 0.4421; TBS vs. RIPA, p = 0.9298; Fraction 2: TBS vs. SDS, p = 0.6415; SDS vs. RIPA,
p = 0.8869; TBS vs. RIPA, p = 0.9189; Fraction 3: TBS vs. SDS, p = 0.9736; SDS vs. RIPA, p = 0.9267; TBS
vs. RIPA, p = 0.9899). Samples size was n = 4 (α-synuclein) and n = 3 (α-tubulin) for TBS samples,
n = 5 (α-synuclein and α-tubulin) for SDS samples, and n = 5 (α-synuclein) and n = 3 (α-tubulin)
for RIPA samples. Error bars indicate SD. Tukey’s comparison test: ns, not significant, ** p < 0.005,
**** p < 0.0001.

2.2. Sonication Increases α-Synuclein Solubility in SDS Buffer

Our results indicated that most of the α-synuclein from 20-day-old fly brains was
detected in the detergent-soluble fraction (fraction 2), with minimal amounts being found
in the insoluble (urea) fractions. This contrasts with the previous literature that reported
histological evidence of highly aggregated α-synuclein in a similar Drosophila model [22],
strongly suggesting the presence of insoluble α-synuclein. We then questioned whether
the protocol that we adapted from the vertebrate literature had been fully optimized for
Drosophila. In this protocol, we sonicated samples immediately after homogenization.
Sonic cavitation produces pressure fluctuations of gigapascal magnitude, generating high-
energy mechanical shockwaves that have been reported to degrade some proteins [35].
We hypothesized that this high-energy process could be disaggregating physiologically
insoluble α-synuclein in the protein extracts. To investigate this possibility, we compared
the distribution of α-synuclein from fly heads that were either sonicated or non-sonicated
before biochemical fractionation across the three previous fractions.

We first compared the effects of sonication on α-synuclein fractionation under the
protocol that employed SDS as the detergent solvent in fraction 2. Under this protocol
(Figure 2A), we did not observe significant differences between sonicated and non-sonicated
samples for the TBS-soluble and SDS-soluble fractions (Figure 2B,C). However, we found a
significant increase of about two-fold in the amount of insoluble α-synuclein detected in
the SDS-insoluble fraction (fraction 3) without sonication when compared to the sonicated
samples (Figure 2B,C). We then evaluated the distribution of α-tubulin across these three
fractions upon either sonication or non-sonication. Regardless of sonication, α-tubulin was
still predominantly present in the TBS-soluble fraction with almost undetectable traces
of the protein in the SDS-soluble and SDS-insoluble fractions (Figure 2B,D). These data
indicated that sonication did not influence cell lysis or protein extraction efficiency as the
levels of α-tubulin were equivalent for both protocols, sonicated and non-sonicated. In
contrast, these results support the conclusion that sonication affects α-synuclein solubility,
perhaps by breaking down the aggregates. This could explain why the sonicated samples
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herein were found mostly in the SDS-soluble fraction, while the non-sonicated samples
exhibited higher levels of α-synuclein in the SDS-insoluble fraction.
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Figure 2. Sonication increases solubility of human A53T α-synuclein in the SDS buffer. (A) Schematic
representation of the sequential fractionation protocol and the extraction buffers employed in this
experiment. (B) Representative Western blot of head lysates from flies expressing hSNCAA53T or LacZ in
dopaminergic neurons. Fly heads were homogenized and then +/− sonicated prior to fractionation
using a 3-step protocol in which the second fraction used SDS as the detergent solvent. The first
fraction (TBS-soluble) was loaded in lanes 1, 2, 7, 8; the second fraction (SDS-soluble) was loaded
in lanes 3, 4, 9, 10; and the third fraction (insoluble) was loaded in lanes 5, 6, 11, 12; while 2 ng of
purified recombinant human α-synuclein monomers (monomer) was loaded in lane 13 as positive
control. Protein lysates were extracted from flies expressing hSNCAA53T in dopaminergic neurons (w;
+/+; TH-Gal4/UAS-hSNCAA53T, lanes 1, 3, 5, 7, 9, 11) and control flies (w; +/+; TH-Gal4/UAS-LacZ)
as negative controls not expressing hSNCA (lanes 2, 4, 6, 8, 10, 12). The fractions were probed for
α-synuclein (4B12, top panel) and α-tubulin (T6074, bottom panel). (C) Quantification of α-synuclein
content shows no significant differences between sonicated and non-sonicated samples in the TBS- and
SDS-soluble fractions but a significant increase in the amount of insoluble α-synuclein in the third,
SDS-insoluble, fraction (Tukey’s multiple comparisons; TBS-soluble, p = 0.4969; SDS-soluble, p = 0.3459;
SDS-insoluble, p = 0.0418). (D) Quantification of α-tubulin content shows no significant differences
between sonication regimens (Tukey’s multiple comparisons; TBS-soluble, p = 0.3495; SDS-soluble,



Int. J. Mol. Sci. 2024, 25, 3643 7 of 19

p = 0.9578; SDS-insoluble, p = 0.9398). Samples size was n = 5 for sonicated samples and n = 3 for
non-sonicated samples. Error bars indicate SD. Tukey’s comparison test: ns, not significant, * p < 0.05.

2.3. Sonication Does Not Affect α-Synuclein Solubility in RIPA Buffer

We next tested whether sonication elicited a similar effect on the fractionation of
α-synuclein when the buffer employed was RIPA. Interestingly, the amount of α-synuclein
in the three fractions (Figure 3A) was statistically equivalent when comparing sonicated
versus non-sonicated samples (Figure 3B,C). The results revealed that α-synuclein was still
undetectable in the RIPA-insoluble fraction, while the RIPA-soluble fraction retained most
of the protein (Figure 3B,C). Therefore, we did not observe any changes due to sonication
when using RIPA buffer as the buffer in fraction 2 (Figure 3B,C). We then assessed α-tubulin
and observed similar results to those obtained upon sonication. There were no significant
changes between sonicated and non-sonicated samples for any of the fractions, while α-
tubulin was predominantly present in the TBS-soluble fraction and almost undetectable in
the RIPA-soluble and RIPA-insoluble fractions (Figure 3B,D). Together, these data indicated
that sonication has no effect on α-synuclein fractionation when using RIPA buffer and
suggested a superior extraction efficiency of the detergent solvents contained in this buffer
when evaluating the solubility of α-synuclein, irrespective of its aggregation state due to
sonication.
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representation of the sequential fractionation protocol and the extraction buffers employed in this
experiment. (B) Representative Eestern blot of head lysates from flies expressing hSNCAA53T or
LacZ in dopaminergic neurons. Fly heads were homogenized and then +/− sonicated prior to
fractionation using a 3-step protocol in which the second fraction uses RIPA buffer. The first fraction
(TBS-soluble) was loaded in lanes 1, 2, 7, 8; the second fraction (RIPA-soluble) was loaded in lanes
3, 4, 9, 10; and the third fraction (insoluble) was loaded in lanes 5, 6, 11, 12; while 2 ng of purified
recombinant human α-synuclein monomers (monomer) was loaded in lane 13 as positive control.
Protein lysates were extracted from flies expressing hSNCAA53T in dopaminergic neurons (w; +/+;
TH-Gal4/UAS-hSNCAA53T, lanes 1, 3, 5, 7, 9, 11) and control flies (w; +/+; TH-Gal4/UAS-LacZ) as
negative controls not expressing hSNCA (lanes 2, 4, 6, 8, 10, 12). The fractions were probed for
α-synuclein (4B12, top panel) and α-tubulin (T6074, bottom panel). (C) Quantification of α-synuclein
content shows no significant differences between sonicated and non-sonicated samples in the any of
the three fractions (Tukey’s multiple comparisons; TBS-soluble, p = 0.9803; RIPA-soluble, p = 0.9784;
RIPA-insoluble, p > 0.9999). α-synuclein is not significantly detected in the RIPA-insoluble fraction
(Student’s t-test from zero: sonicated, p = 0.2329; non-sonicated, p = 0.4226). (D) Quantification of
α-tubulin content shows no significant differences between sonication regimens (Tukey’s multiple
comparisons; TBS-soluble, p = 0.9995; RIPA-soluble, p > 0.9999; RIPA-insoluble, p = 0.9965). Samples
size was n = 5 (α-synuclein) and n = 3 (α-tubulin) for sonicated samples, and n = 3 for non-sonicated
samples. Error bars indicate SD. Tukey’s comparison test: ns, not significant.

2.4. α-Synuclein Is Fully Soluble in Polyethoxylate Detergents Irrespective of Sonication

Given the discrepancy between the SDS and RIPA buffers regarding α-synuclein
solubility upon sonication, we decided to further investigate the chemical properties
underlying this behavior. Since the RIPA buffer is composed of sodium deoxycholate, NP-
40, a polyethoxylated detergent, and sodium dodecyl sulfate (SDS) at a concentration 50X
lower than the SDS buffer, we posed the question of whether polyethoxylated detergents
could be conferring the differential properties of RIPA versus SDS-alone solubilization. To
address this, we performed an experiment using a similar three-fraction protocol (Figure 4A)
with NP-40 as the detergent solvent in the buffer employed in the second fraction and
compared the effects of sonication. Similar to what we observed for the protocol with the
RIPA buffer, α-synuclein was undetectable in the NP-40-insoluble fraction (sonicated and
non-sonicated), while the fraction with the most α-synuclein was the NP-40-soluble fraction
(Figure 4B,C). The amount of α-synuclein in each fraction was statistically equivalent
regardless of whether or not the samples were previously sonicated (Figure 4B,C). We also
evaluated α-tubulin and obtained the exact same results as for RIPA or SDS as the detergent
solvents (Figures 2 and 3): mostly present in the TBS-soluble fraction but undetectable or at
a very low level for NP-40-soluble and NP-40-insoluble fractions (Figure 4B,D). Together,
these results led us to conclude that NP-40, a polyethoxylated detergent, is responsible
for the high efficiency with which α-synuclein is solubilized in RIPA buffer irrespective of
sonication before fractionation.

Lastly, we tested whether another polyethoxylated detergent commonly used for
fractionation of α-synuclein in vertebrate animal models, Triton X-100, conferred the same
chemical properties as NP-40 regarding α-synuclein solubility. In this case, we employed a
two-step protocol (Figure 5A), containing Triton X-100-soluble and Triton X-100-insoluble
fractions. Similarly, α-synuclein was undetectable in the Triton X-100-insoluble fraction
regardless of whether the samples were previously sonicated, remaining entirely in the
X-Triton-soluble fraction for the sonicated and non-sonicated samples (Figure 5B,C). We
also evaluated α-tubulin, which was only detected in the Triton X-100-soluble fraction
(Figure 5B,D). In summary, the solubility of α-synuclein in polyethoxylated detergents is
such that these detergents sequester all α-synuclein present in the protein extracts from
Drosophila heads, regardless of whether they have been previously sonicated or not. In our
opinion, fractionation buffers containing SDS alone uniquely provide sufficient dynamic
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range for evaluation of the solubility state of human α-synuclein expressed in Drosophila
brains with high resolution.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 10 of 20 
 

 

 
Figure 4. Human A53T α-synuclein solubility in buffers containing the polyethoxylate detergent 
NP-40. (A) Schematic representation of the sequential fractionation protocol and the extraction buff-
ers employed in this experiment. (B) Representative Western blot of head lysates from flies express-
ing hSNCAA53T or LacZ in dopaminergic neurons. Fly heads were homogenized and then +/− soni-
cation prior to fractionation using a 3-step protocol in which the second fraction uses NP-40 as de-
tergent solvent. The first fraction (TBS-soluble) was loaded in lanes 1, 2, 7, 8; the second fraction 
(NP-40-soluble) was loaded in lanes 3, 4, 9, 10; the third fraction (insoluble) was loaded in lanes 5, 
6, 11, 12; and 2 ng of purified recombinant human α-synuclein monomers (monomer) was loaded 
in lane 13 as positive control. Protein lysates were extracted from flies expressing hSNCAA53T in do-
paminergic neurons (w; +/+; TH-Gal4/UAS-hSNCAA53T, lanes 1, 3, 5, 7, 9, 11) and control flies (w; +/+; 
TH-Gal4/UAS-LacZ) as negative controls not expressing hSNCA (lanes 2, 4, 6, 8, 10, 12). The fractions 
were probed for α-synuclein (4B12, top panel) and α-tubulin (T6074, bottom panel). (C) Quantifica-
tion of α-synuclein content shows no significant differences between sonicated and non-sonicated 
samples in the any of the three fractions (Tukey’s multiple comparisons, sonicated vs. non-soni-
cated: TBS-soluble, p = 0.9990; NP-40-soluble, p = 0.5587; NP-40-insoluble, p > 0.9999). α-synuclein is 
not significantly detected in the NP-40-insoluble fraction (Student’s t-test from zero: sonicated, p = 
0.2292; non-sonicated, p = 0.2201). (D) Quantification of α-tubulin shows with no significant differ-
ences between sonication regimens (Tukey’s multiple comparisons, sonicated vs. non-sonicated: 
TBS-soluble, p = 0.2177; NP-40-soluble, p = 0.9994; NP-40-insoluble, p = 0.9741). Samples size was n 

Figure 4. Human A53T α-synuclein solubility in buffers containing the polyethoxylate detergent
NP-40. (A) Schematic representation of the sequential fractionation protocol and the extraction
buffers employed in this experiment. (B) Representative Western blot of head lysates from flies
expressing hSNCAA53T or LacZ in dopaminergic neurons. Fly heads were homogenized and then
+/− sonication prior to fractionation using a 3-step protocol in which the second fraction uses NP-40
as detergent solvent. The first fraction (TBS-soluble) was loaded in lanes 1, 2, 7, 8; the second fraction
(NP-40-soluble) was loaded in lanes 3, 4, 9, 10; the third fraction (insoluble) was loaded in lanes 5,
6, 11, 12; and 2 ng of purified recombinant human α-synuclein monomers (monomer) was loaded
in lane 13 as positive control. Protein lysates were extracted from flies expressing hSNCAA53T in
dopaminergic neurons (w; +/+; TH-Gal4/UAS-hSNCAA53T, lanes 1, 3, 5, 7, 9, 11) and control flies
(w; +/+; TH-Gal4/UAS-LacZ) as negative controls not expressing hSNCA (lanes 2, 4, 6, 8, 10, 12).
The fractions were probed for α-synuclein (4B12, top panel) and α-tubulin (T6074, bottom panel).
(C) Quantification of α-synuclein content shows no significant differences between sonicated and
non-sonicated samples in the any of the three fractions (Tukey’s multiple comparisons, sonicated
vs. non-sonicated: TBS-soluble, p = 0.9990; NP-40-soluble, p = 0.5587; NP-40-insoluble, p > 0.9999).
α-synuclein is not significantly detected in the NP-40-insoluble fraction (Student’s t-test from zero:
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sonicated, p = 0.2292; non-sonicated, p = 0.2201). (D) Quantification of α-tubulin shows with no
significant differences between sonication regimens (Tukey’s multiple comparisons, sonicated vs.
non-sonicated: TBS-soluble, p = 0.2177; NP-40-soluble, p = 0.9994; NP-40-insoluble, p = 0.9741).
Samples size was n = 3 for sonicated samples and n = 3 for non-sonicated samples. Error bars indicate
SD. Tukey’s comparison test: ns, not significant.
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Figure 5. Human A53T α-synuclein solubility in buffers containing the polyethoxylate detergent
Triton X-100. (A) Schematic representation of the sequential fractionation protocol and the extraction
buffers employed in this experiment. (B) Representative Western blot of head lysates from flies
expressing hSNCAA53T or LacZ in dopaminergic neurons. Fly heads were homogenized and then +/−
sonication prior to fractionation employing a 2-step protocol with Triton X-100 as detergent solvent.
The first fraction (Triton X-100-soluble) was loaded in lanes 1, 2, 5, 6; the second fraction (Triton
X-100-insoluble) was loaded in lanes 3, 4, 7, 8; and 2 ng of purified recombinant human α-synuclein
monomers (monomer) was loaded in lane 9 as positive control. Protein lysates were extracted from
flies expressing hSNCAA53T in dopaminergic neurons (w; +/+; TH-Gal4/UAS-hSNCAA53T, lanes 1, 3,
5, 7) and control flies (w; +/+; TH-Gal4/UAS-LacZ) as negative controls not expressing hSNCA (lanes
2, 4, 6, 8). The fractions were probed for α-synuclein (4B12, top panel) and α-tubulin (T6074, bottom
panel). (C,D) Quantification of α-synuclein (C) and α-tubulin (D) content shows no significant
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differences between sonicated and non-sonicated samples in the any of the two fractions (Tukey’s
multiple comparisons, sonicated vs. non-sonicated: For α-synuclein Triton-X-100-soluble, p = 0.3562;
Triton-X-100-insoluble, p = 0.9998; For α-tubulin Triton-X-100-soluble, p = 0.6973; Triton-X-100-
insoluble, p > 0.9999). α-synuclein is significantly detected in the Triton X-100-soluble fraction
(Student’s t-test from zero: sonicated, p = 0.0019; non-sonicated, p = 0.0061) but not significantly in
the Triton-X-100-insoluble fraction (Student’s t-test from zero: sonicated, p = 0.3910; non-sonicated,
p = 0.4226). α-tubulin is significantly detected in the Triton X-100-soluble fraction (Student’s t-test
from zero: sonicated, p = 0.0296; non-sonicated, p = 0.0162) and not detected in the Triton-X-100-
insoluble fraction. Samples size was n = 4 (α-synuclein) and n = 3 (α-tubulin) for sonicated samples,
and n = 3 for non-sonicated samples. Error bars indicate SD. Tukey’s comparison test: ns, not
significant.

3. Discussion

Chemical fractionation of misfolded and aggregated proteins is a critical method to
assess the solubility and the species composition of the proteinaceous deposits formed by
these proteins and their relationship to disease stage. We tested a variety of protocols to
evaluate the solubility of hSNCA expressed in the DA neurons of the Drosophila brain and
found that buffers containing polyethoxylated detergents such as NP-40 or Triton X-100
exert such a strong extraction efficiency for TBS-insoluble α-synuclein that no α-synuclein
remains in the insoluble fraction. However, SDS-containing solvents only solubilize a frac-
tion of the remaining α-synuclein, leaving the most insoluble molecules in the precipitate.
We also observed that sonication prior to chemical fractionation breaks down insoluble
aggregated α-synuclein species, making them soluble in the SDS-containing fraction. Be-
low, we consider several possible explanations for this biochemical behavior of human
α-synuclein.

First, we looked at the chemical properties of these detergent solvents seeking to
find the basis for the difference in extraction efficiency. SDS is an anionic detergent that
consists of a short acyl chain attached to a sulfate head group. On the other hand, RIPA is a
composite detergent buffer that contains 1% NP-40 (a nonionic polyethoxylate detergent
with 24–51 ethyl ether groups per molecule), 1% sodium deoxycholate (an anionic detergent
that consists of a steroid core attached to a carboxylate head group), and 0.1% SDS. At
these concentrations, all these molecules form micelles (critical micelle concentrations:
SDS—0.079% w/v [36], NP-40—0.035% w/v [37], sodium deoxycholate—0.099% w/v [38])
that encapsulate the hydrophobic portions of proteins to various degrees, extracting them
into a solution. We suspect that the presence of NP-40 is responsible for the higher content
of α-synuclein in the RIPA-soluble fractions, given that the use of NP-40 alone mimicked
the results obtained with RIPA. With 24–51 ethyl ether groups [37], NP-40 molecules can be
87–168 Å long, which is 7–14 times longer than an SDS molecule (Figure 6). Moreover, the
average number of molecules per micelle (as measured by the aggregation number, NA)
for NP-40 is around 150 [39], more than twice as many as SDS [NA = 67; [40]]. As a result
of these biophysical properties, NP-40 forms larger and more flexible micelles, which we
hypothesize are more capable of encapsulating and extracting larger α-synuclein complexes
than the smaller SDS micelles. Therefore, RIPA buffer as a solubilization solvent may lead to
an underestimation of the insoluble human α-synuclein content due to its higher capacity to
sequester larger insoluble α-synuclein aggregates. We tested this hypothesis by extracting
α-synuclein using a buffer with 1% NP-40 as the detergent and found that NP-40-soluble
fractions were highly enriched in α-synuclein, while α-synuclein was almost undetectable
in NP-40-insoluble fraction. These data recapitulate the results we observed when using
RIPA, consistent with our hypothesis.



Int. J. Mol. Sci. 2024, 25, 3643 12 of 19

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 13 of 20 
 

 

this hypothesis by extracting α-synuclein using a buffer with 1% NP-40 as the detergent 
and found that NP-40-soluble fractions were highly enriched in α-synuclein, while α-
synuclein was almost undetectable in NP-40-insoluble fraction. These data recapitulate 
the results we observed when using RIPA, consistent with our hypothesis. 

 
Figure 6. Chemical structures of the detergents NP-40, Triton X-100 and SDS employed in this 
study. (A) NP-40, polyethylene glycol nonyl-phenyl ether or nonoxynol-40. (B) Triton X-100, poly-
ethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether, or octyl phenol ethoxylate. (C) Sodium 
dodecyl sulfate (SDS). Note the structural similarities between the polyethoxylated detergents, NP-
40 and Triton X-100, with long chains of ethyl ether groups (24–51 for NP-40 and 9–10 for Triton X-
100), which are lacking from the structure of SDS. 

Another detergent that is commonly used in the field to assess insoluble α-synuclein 
levels is Triton X-100, a nonionic polyethoxylate detergent very similar to NP-40. Earls et 
al. (2020) used suspensions of Triton X-100-insoluble material to measure the uptake of 
aggregated α-synuclein in human NK cell cultures from media containing pre-formed fi-
brils (PFFs) [41]. In an independent study, Quintin et al. used the same approach to assess 
α-synuclein aggregation in HEK cells incubated with PFFs [6]. To the best of our 
knowledge, Triton X-100 is the only detergent used for α-synuclein biochemical fraction-
ation in the Drosophila literature. Miura et al., Suzuki et al., Davis et al. and Khair et al. 
[17,19,26,27] used Triton X-100-insoluble α-synuclein as a measure of protein aggregation. 
Suzuki et al. obtained a very weak α-synuclein monomer signal in the insoluble fraction, 
many times weaker than soluble α-synuclein signal, with no higher-molecular-weight in-
soluble α-synuclein species detected [27]. Miura et al. did not detect any insoluble α-
synuclein monomers but reported detecting a weak α-synuclein signal at 140 kDa [26]. 
Similarly, Davis et al. also reported their ability to detect soluble but not insoluble α-
synuclein monomers, while they observe higher-molecular-weight species in the insoluble 
fraction [19]. We were unable to detect Triton X-100-insoluble α-synuclein. The undetect-
ability of Triton X-100-insoluble α-synuclein in our expression system is consistent with 
the rest of our experimental findings herein. As mentioned earlier, Triton X-100 is a poly-
mer detergent with repeating ethyl ether groups. It differs from NP-40 only in the alkyl 
group attached to the polyethoxylated phenyl ring (tetramethylbutyl in TritonX and nonyl 
in NP-40) and the fact that is has a fewer number of ethyl ether repeats. Therefore, we 
would expect Triton X-100 to form micelles that are similar in their physical and chemical 
properties to those formed by NP-40, thus extracting α-synuclein with a similar efficiency. 
The undetectability of detergent-insoluble α-synuclein in RIPA buffer, NP-40- and Triton 
X-100-containing solvents suggests that the repeating ethyl ether groups are responsible 
for the higher solubilization of α-synuclein in buffers containing these detergents. 

One potential reason for not detecting detergent-insoluble α-synuclein, which differs 
from previously published data, may be the lower overall expression of human α-
synuclein in our model; the aforementioned Drosophila studies expressed human α-
synuclein to higher levels, either pan-neuronally with elav or ubiquitously with actin pro-
moters, while we intentionally restricted the expression to DA neurons (~130 per proto-
cerebrum hemisphere), which constitutes only a small percentage of all the neurons in the 
fly brain (<200,000 neurons). It is likely that α-synuclein is not processed in the same way 
in every neuronal type and, therefore, we focused our study on a more physiologically 
relevant neuronal population, DA neurons, which are widely known to develop α-

Figure 6. Chemical structures of the detergents NP-40, Triton X-100 and SDS employed in this study.
(A) NP-40, polyethylene glycol nonyl-phenyl ether or nonoxynol-40. (B) Triton X-100, polyethylene
glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether, or octyl phenol ethoxylate. (C) Sodium dodecyl
sulfate (SDS). Note the structural similarities between the polyethoxylated detergents, NP-40 and
Triton X-100, with long chains of ethyl ether groups (24–51 for NP-40 and 9–10 for Triton X-100),
which are lacking from the structure of SDS.

Another detergent that is commonly used in the field to assess insoluble α-synuclein
levels is Triton X-100, a nonionic polyethoxylate detergent very similar to NP-40. Earls
et al. (2020) used suspensions of Triton X-100-insoluble material to measure the uptake
of aggregated α-synuclein in human NK cell cultures from media containing pre-formed
fibrils (PFFs) [41]. In an independent study, Quintin et al. used the same approach to assess
α-synuclein aggregation in HEK cells incubated with PFFs [6]. To the best of our knowledge,
Triton X-100 is the only detergent used for α-synuclein biochemical fractionation in the
Drosophila literature. Miura et al., Suzuki et al., Davis et al. and Khair et al. [17,19,26,27]
used Triton X-100-insoluble α-synuclein as a measure of protein aggregation. Suzuki
et al. obtained a very weak α-synuclein monomer signal in the insoluble fraction, many
times weaker than soluble α-synuclein signal, with no higher-molecular-weight insoluble
α-synuclein species detected [27]. Miura et al. did not detect any insoluble α-synuclein
monomers but reported detecting a weak α-synuclein signal at 140 kDa [26]. Similarly,
Davis et al. also reported their ability to detect soluble but not insoluble α-synuclein
monomers, while they observe higher-molecular-weight species in the insoluble frac-
tion [19]. We were unable to detect Triton X-100-insoluble α-synuclein. The undetectability
of Triton X-100-insoluble α-synuclein in our expression system is consistent with the rest of
our experimental findings herein. As mentioned earlier, Triton X-100 is a polymer detergent
with repeating ethyl ether groups. It differs from NP-40 only in the alkyl group attached to
the polyethoxylated phenyl ring (tetramethylbutyl in TritonX and nonyl in NP-40) and the
fact that is has a fewer number of ethyl ether repeats. Therefore, we would expect Triton
X-100 to form micelles that are similar in their physical and chemical properties to those
formed by NP-40, thus extracting α-synuclein with a similar efficiency. The undetectability
of detergent-insoluble α-synuclein in RIPA buffer, NP-40- and Triton X-100-containing
solvents suggests that the repeating ethyl ether groups are responsible for the higher
solubilization of α-synuclein in buffers containing these detergents.

One potential reason for not detecting detergent-insoluble α-synuclein, which differs
from previously published data, may be the lower overall expression of human α-synuclein
in our model; the aforementioned Drosophila studies expressed human α-synuclein to
higher levels, either pan-neuronally with elav or ubiquitously with actin promoters, while
we intentionally restricted the expression to DA neurons (~130 per protocerebrum hemi-
sphere), which constitutes only a small percentage of all the neurons in the fly brain
(<200,000 neurons). It is likely that α-synuclein is not processed in the same way in every
neuronal type and, therefore, we focused our study on a more physiologically relevant
neuronal population, DA neurons, which are widely known to develop α-synuclein pathol-
ogy and degenerate in PD. In addition, it is possible that our driver is not only more
selective, but it may also drive weaker expression than other ubiquitous promoters such
as actin. The relative abundance of α-synuclein could increase the aggregation rate, as
mutations that lead to higher expression levels of α-synuclein trigger aggregation and LB
pathology [12–14], with an overall higher total accumulation of aggregated α-synuclein
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leading to more robust and resistant detection of aggregated α-synuclein via standard
biochemical fractionation and detection methods.

An additional critical factor to keep in mind when performing these fractionation
experiments is whether to perform sample sonication before the serial fractionation. In
our experiments using SDS as the detergent solvent in the fractionation buffer, sonica-
tion of the fly head homogenates before biochemical fractionation induced an enrichment
in α-synuclein content in the SDS-soluble fraction while reducing the amount of total
α-synuclein in the SDS-insoluble fraction. These findings demonstrate that sonication is
sufficient to solubilize physiologically insoluble α-synuclein accumulated in Drosophila DA
neurons and suggest that, to a certain degree, sonication triggers the disaggregation of
α-synuclein complexes. For this reason, we would recommend that, when using Drosophila
to model synucleinopathies, sonication before chemical fractionation should be avoided
to prevent confounding the interpretation of its solubility state in vivo. Contrary to the
need for sonication in samples from vertebrate animals that are rich in myelin and other
fatty components, fly samples do not require sonication to break down those additional
components present in vertebrates. Therefore, the use of sonication prior to serial fractiona-
tion is unnecessary and likely undesirable as it will compromise the interpretation of the
biophysical and biochemical properties of the α-synuclein species that are being extracted
and studied.

Regardless of the protocol, we could not detect solubilized α-synuclein of a higher
molecular weight than that of recombinant α-synuclein monomeric protein. It is important
to note that western blots were not conducted under completely native conditions. How-
ever, protein lysate samples were not reduced with BME or boiled, but they were diluted
with SDS-containing Laemmli buffer prior to loading in the native gel, which likely had
an effect on the protein’s natural structure and may account for the monomeric weight.
Nevertheless, the limitations of the model in detecting higher molecular weight species
are likely due to the low amount of α-synuclein that we find in the brain of these flies,
as discussed earlier. However, it is also possible that Drosophila DA neurons expressing
hSNCA do not produce high-molecular-weight species like those found in LBs, which
typically require tough solvents such as urea or acid to solubilize the large α-synuclein
aggregates [42,43].

Importantly, the choice of detergent for biochemical fractionation depends on the research
question and the conditions suitable for the model. In cases when the detergent-soluble protein
content is used as a measure of membrane-associated protein, our data demonstrate that SDS
is a better detergent for these purposes. SDS, being a fatty acid similar in length to a typical
phospholipid, resembles the plasma membrane more than RIPA (NP-40) or Triton X-100
because they contain considerably longer polymer detergents. In addition, extraction with
SDS allows for a more direct comparison to the existing literature in human postmortem brains
when assessing α-synuclein solubility, which has mainly employed SDS as a detergent in the
serial biochemical fractionation of α-synuclein [15,16,43–45]. In conclusion, when selecting an
appropriate fractionation protocol for Drosophila studies, our findings support the use of a
three-step fractionation protocol where the buffer for the second fraction contains only SDS
at a 5% concentration. The combination of a buffer with these biochemical properties and
the multi-fraction protocol provides a dynamic range capable of resolving several degrees
of insolubility in human α-synuclein processed in DA neurons of the Drosophila brain.

4. Materials and Methods
4.1. Fly Strains

Fly stocks were raised on standard corn syrup–soy (W1) food (Bloomington stock
center recipe) from Archon Scientific (Durham, NC, USA). All crosses were maintained
at 25 ◦C and 70% relative humidity on a 12 h light–dark cycle. Flies carrying the TH-
Gal4 driver were provided by Dr. Matthew Kayser from the University of Pennsylvania.
Expression lines UAS-LacZ (BDSC, catalog #8530; RRID:BDSC_8530) and UAS-hSNCAA53T

(BDSC, catalog #8148; RRID:BDSC_8148) were obtained from the Bloomington Stock center
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(Bloomington, IN, USA). The line for the expression of the human α-synuclein bearing the
pathology-associated mutation A53T (hSNCAA53T) was previously described [22]. Flies
were collected immediately upon eclosion and housed in individual vials in groups of
20 males. All experiments were performed on flies aged to 20 days post-eclosion.

4.2. Tissue Collection and Fractionation
4.2.1. Three-Step Fractionation Protocol

Groups of 20 male flies were transferred to Eppendorf cryovials, snap-frozen in liquid
nitrogen and then vortexed. Then, 20–40 fly heads were collected into BioMasher® II
Tissue Grinder (DWK Life Sciences; Wertheim, Germany; 749625–0020) tubes and homoge-
nized for 1.5 min in 50 µL of Tris-buffered saline (TBS; Table 1) with 1X protease and 1X
phosphatase inhibitor cocktails (Roche; Basel, Switzerland; 04693124001 and 04906837001).
The homogenates were then probe-sonicated with a Branson Sonifier® SFX150 (Emerson;
Emerson, MO, USA) at 35% amplitude (~52.5 watts) for five 1 s pulses, unless otherwise
specified. The suspension was clarified by 15 s centrifugation at 2100× g and the super-
natant was ultracentrifuged at 100,000× g for 30 min at 4 ◦C using the Sorvall WX80 Plua
Ultracentrifuge (ThermoScientific; Waltham, MA, USA). The supernatant was labelled as
the TBS-soluble fraction (fraction1). To ensure complete removal of soluble material, the
pellet was washed in TBS and ultracentrifuged again at 100,000× g for 15 min at 4 ◦C, after
which the supernatant was discarded. The pellet was then re-homogenized in 30 µL of
either SDS, NP-40, RIPA, or TBS buffer (Table 1) with protease and phosphatase inhibitors
and ultracentrifuged at 100,000× g for 30 min at 4 ◦C. The supernatant (fraction 2) was
collected and labelled as SDS-soluble, NP-40-soluble, RIPA-soluble or TBS-wash, respec-
tively. The remaining pellet was washed in the previous solvent and centrifuged again at
100,000× g for 15 min at 4 ◦C, after which the supernatant was discarded. The final pellet
was resuspended in 30 µL urea/SDS (Table 1) with protease and phosphatase inhibitors by
probe-sonication with three 1 s pulses at 35% amplitude and the suspension was labelled
as the insoluble fraction (fraction 3; Figure 7A).

4.2.2. Two-Step Fractionation Protocol

Groups of 20 male flies were transferred to Eppendorf cryovials, snap-frozen in liquid
nitrogen and then vortexed. Then, 20–40 fly heads were collected into BioMasher® II Tissue
Grinder (DWK Life Sciences; Wertheim, Germany; 749625–0020) tubes and homogenized
for 1.5 min in 50 µL of TBS containing 1% Triton X-100 (Table 1) and 1× protease and 1×
phosphatase inhibitor cocktails (Roche; Basel, Switzerland; 04693124001 and 04906837001).
The homogenates were then probe-sonicated with a Branson Sonifier® SFX150 (Emerson;
Emerson, MO, USA) at 35% amplitude (~52.5 watts) for five 1 s pulses, unless otherwise
specified. The suspension was clarified by 15 s centrifugation at 2100× g and the super-
natant was ultracentrifuged at 100,000× g for 30 min at 4 ◦C using the Sorvall WX80 Plua
Ultracentrifuge (ThermoScientific; Waltham, MA, USA). The supernatant was labelled
as the Triton X-100-soluble fraction (fraction1). To ensure complete removal of soluble
material, the pellet was washed in the Triton X-100 buffer (Table 1) and centrifuged again
at 100,000× g for 15 min at 4 ◦C, after which the supernatant was discarded. The final
pellet was resuspended in 50 µL of the Triton X-100 buffer (Table 1) with protease and
phosphatase inhibitors by probe-sonication with three 1 s pulses at 35% amplitude and the
suspension was labelled as the Triton-X-100-insoluble fraction (fraction2; Figure 7B).
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Figure 7. Schematic representation of the procedure for serial protein fractionation from
Drosophila heads. (A) A 3-step sequential ultracentrifugation protocol for extracting insoluble
α-synuclein from fly heads using TBS, SDS, RIPA or NP-40 buffers (see Table 1 for specific buffer
composition). (B) A 2-step sequential ultracentrifugation protocol for extraction of α-synuclein from
fly heads using Triton X-100 as a solvent in the fractionation buffer.
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4.3. Quantitative Western Immunoblotting

The total protein concentration in each fraction was determined by bicinchoninic
acid assay (BCA) (Thermo Fisher Scientific; Waltham, MA, USA; 23225). Then, 20 µg of
total protein per fraction was collected and diluted with its respective solvents and 4X
Laemmli buffer (Biorad; Hercules, CA, USA; 1610747) to obtain aliquots of equal volume.
These samples were loaded into the 10% Bis-Tris polyacrylamide gel (BioRad; Hercules,
CA, USA; 3450112) and subjected to electrophoresis at 80 V for 15 min and 100 V for
90 min. After separation, protein was transferred via a semi-wet electrophoretic transfer
(Turbo-blot turbo transfer system, Bio-Rad) onto 0.2 µm polyvinylidene fluoride (PVDF)
membranes (BioRad; Hercules, CA, USA; 1704273). The PVDF membranes were fixed
with 0.8% paraformaldehyde for 30 min, washed with H2O, and then stained with Revert
Total Protein Stain (LI-COR, 926–11016) and the signal was used for signal normalization.
Membranes were then destained and blocked with 5% powdered milk in TBST buffer,
following an overnight incubation at 4 ◦C with the primary antibody against residues
103–108 of human α-synuclein (BioLegend; San Diego, CA, USA; 807801 [4B12] 1:1000;
RRID: AB_2564730). The next day, HRP-conjugated secondary antibody (Jackson Immuno
Research; West Grove, PA, USA; 115–036-072; RRID: AB_2338525) was incubated for
1 h at room temperature, after which the protein bands were visualized using enhanced
chemiluminescence (Thermo Fisher Scientific; Waltham, MA, USA; 34096) on a LI-COR
Odyssey® Fc. The membranes were then stripped from the secondary antibody with 0.2 M
NaOH, re-blocked, and re-probed with the anti-tubulin primary antibody (Sigma-Aldrich,
T6074 1:200,000; RRID: AB_477582, St. Louis, MO, USA) and the HRP-conjugated secondary
antibody, after which they were re-imaged.

4.4. Experimental Design and Statistical Analyses

For all experiments, controls and genetically matched experimental genotypes were
performed in parallel. The experimental design ensured that all groups were balanced
throughout the experiments conducted. Statistical significance was assessed using Graph-
Pad Prism v10.1 (La Jolla, CA, USA) (RRID:SCR_002798). Control flies were balanced for the
presence of pUAS constructs by expressing the UAS-LacZ in place of the UAS-hSNCAA53T

of the experimental groups. Across all gels, a previously tested sample of known antibody
reactivity was run as the internal control sample that enabled comparison across blots. The
raw protein band signal was first normalized to total protein staining (Figures S1–S6) to
control for loading differences and then reported as the fold difference from the internal
control sample signal. Ordinary two-way ANOVA tests followed by Tukey’s multiple post
hoc comparisons were employed to analyze statistical significance across fractions and
solvents. Student’s t-test was used to assess significance from zero and determine whether
there were significant levels of α-synuclein in the fraction. All data presented represent
mean ± the SD.
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