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α-Synuclein (α-Syn) is the major protein component of Lewy
bodies, a key pathological feature of Parkinson’s disease (PD).
The manganese ion Mn2+ has been identified as an environ-
mental risk factor of PD. However, it remains unclear how
Mn2+ regulates α-Syn aggregation. Here, we discovered that
Mn2+accelerates α-Syn amyloid aggregation through the regu-
lation of protein phase separation. We found that Mn2+ not
only promotes α-Syn liquid-to-solid phase transition but also
directly induces soluble α-Syn monomers to form solid-like
condensates. Interestingly, the lipid membrane is integrated
into condensates during Mn2+-induced α-Syn phase transition;
however, the preformed Mn2+/α-syn condensates can only re-
cruit lipids to the surface of condensates. In addition, this
phase transition can largely facilitate α-Syn amyloid aggrega-
tion. Although the Mn2+-induced condensates do not fuse, our
results demonstrated that they could recruit soluble α-Syn
monomers into the existing condensates. Furthermore, we
observed that a manganese chelator reverses Mn2+-induced
α-Syn aggregation during the phase transition stage. However,
after maturation, α-Syn aggregation becomes irreversible.
These findings demonstrate that Mn2+ facilitates α-Syn phase
transition to accelerate the formation of α-Syn aggregates and
provide new insights for targeting α-Syn phase separation in
PD treatment.

α-Synuclein (α-Syn), a cytoplasmic protein abundant in
presynaptic nerve terminals, is implicated in Parkinson’s dis-
ease (PD), dementia with Lewy bodies, and other synucleino-
pathies (1–3). While α-Syn monomer is unstructured and has
the potential to form amyloid aggregates (4–6), multiple
studies suggested that it forms α-helical tetramers physiolog-
ically that resist aggregation (7, 8). α-Syn is involved in
neurotransmitter release and many other critical membrane
trafficking processes. However, its physiological function has
not been completely understood (9). In PD, α-Syn forms
oligomeric and fibrillar aggregates through the intermolecular
assemblies (10, 11). The Lewy bodies and Lewy neurites in the
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cytoplasm of neurons are mainly composed of aggregated α-
Syn (12, 13). While monomeric α-Syn is soluble and not toxic,
numerous studies disclose that α-Syn amyloid oligomers and
fibrils are the major causes of cellular toxicity (14, 15). Many
cellular pathway alternations, such as oxidative stress, mito-
chondrial dysfunction, endoplasmic reticulum stress, synaptic
dysfunction, and autophagy-lysosomal pathway dysfunction,
have been linked to the cytotoxic effects of α-Syn aggregates
(15–18).

The aggregations of α-Syn and other amyloid proteins, such
as Aβ, tau, IAPP, FUS, and TDP-43, have been studied in vivo
and in vitro for decades (10, 19, 20). Protein aggregation and
amyloid formation are potential targets for amyloid-related
disease (10, 16, 17, 21, 22). In addition to α-Syn, the Lewy
bodies also contain other cellular components, including
various organelles and lipids (20, 23). Many factors, such as
proteins and lipids, coexist with α-Syn and affect its accumu-
lation and cellular toxicity (20). For example, the activity of
glucocerebrosidase, a lysosomal glycoprotein found in Lewy
bodies, affects lipid levels and α-Syn amyloid aggregation (24).
Recent studies with Raman spectral imaging revealed that
α-Syn fibrils colocalized with lipids in cells (25), while regu-
lations of α-Syn aggregations by lipids have been previously
demonstrated (26–28).

Metal ions such as Cu2+, Zn2+, and Mn2+ are concentrated
in the brain and bind to α-Syn (29). The C-terminal domain of
α-Syn, which contains multiple Asp and Glu residues, can
interact with many di- and trivalent metal ions (10, 30).
However, the detailed information for each metal-α-Syn
binding is still unclear due to the lack of high-resolution
structure data. Manganese is an essential metal involved in
many physiological processes (31, 32). However, the rise of
manganese utility in the industry has led to increased man-
ganese pollution. The imbalance of manganese homeostasis
has the potential to cause neurodegenerative diseases (33, 34).
Specially, epidemiological investigations indicate that excessive
exposure to manganese increases the risk of PD (34–36).
Multiple studies demonstrated that occupational manganese
exposure during welding, mining, and other related industrial
activities is associated with Parkinsonism (37–44). Long-time
environmental exposure to the high level of air manganese
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Mn2+-induced α-synuclein phase transition
may also cause deficits of cognitive function (45, 46). A recent
meta-analysis based on previous 22 studies revealed a signifi-
cantly increased level of circulating manganese in PD patients,
further demonstrating that manganese level is a potential risk
factor for PD (47). One critical cause of neurotoxicity induced
by manganese exposure is the increased α-Syn expression and
aggregation (48–52). However, most of these studies were
based on cell culture, and their relevance to PD is unknown.
Biochemical studies showed that manganese not only shortens
the aggregation time of α-Syn but also promotes the formation
of large fibrillar aggregates (53). However, how manganese
promotes α-Syn assembly in the early stage remains elusive.

Many protein–protein or protein–RNA assemblies can
form condensed liquid droplets through weak multivalent
interactions, called liquid–liquid phase separation (LLPS).
Proteins that can undergo LLPS, such as FUS, TDP-43, and
Tau protein, usually contain repetitive domains or intrinsi-
cally disordered regions (IDR) (54–57). Numerous studies
identified that a variety of amyloid aggregation-prone pro-
teins initiate aggregations through LLPS (58–61). α-Syn has
three IDRs and multiple low-complexity domains. Recent
studies reported that α-Syn undergoes LLPS to accelerate its
intermolecular aggregation, indicating that the phase sepa-
ration could be an early intermediate stage before fibrillar
aggregation (62–64).

In this work, we examined whether Mn2+ regulates α-Syn
through LLPS. We observed that α-Syn undergoes LLPS
in vitro with the requirement of crowding agents. The addi-
tion of Mn2+ efficiently promotes α-Syn liquid-to-solid phase
transition, facilitating its amyloid aggregation. Interestingly,
Mn2+ could induce α-Syn monomers to form solid-like
condensates directly in the absence of crowding agents,
bypassing the step of LLPS. We found that Mn2+ could still
induce α-Syn phase transition in the presence of lipid
membrane. Lipids could be integrated during the formation
of condensates but only be recruited to the surface of pre-
formed Mn2+/α-syn condensates. Our studies also demon-
strated that Mn2+-induced solid-like condensates proceed
with aggregations through recruitment of soluble α-Syn
monomers. While it is difficult to disassemble the mature
α-Syn fibrillar aggregates, our studies showed that metal
chelators could reverse Mn2+-induced aggregates during the
phase transition stage. These findings provide a new dimen-
sion for understanding the pathogenesis of manganese-
induced PD and suggest that LLPS could be a potential
target for PD therapy.
Results

Mn2+ promotes α-Syn liquid-to-solid phase transition

To study the regulatory effects of Mn2+ on the LLPS of α-
Syn, we expressed the full-length human α-Syn (Fig. S1) and
examined the conditions in which α-Syn drives LLPS in vitro.
We first labeled α-Syn by preparing the EGFP-α-Syn fusion
protein. The labeled α-Syn and unlabeled α-Syn were mixed at
a molar ratio of 1:9 to form liquid droplets (62). Using
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fluorescence microscopy, we discovered that α-Syn underwent
LLPS with the requirement of a relatively high protein con-
centration (Fig. S2) and in the presence of crowding agent
PEG-10000 (Fig. S3). Ficoll 400, another macromolecular
crowding agent, could also promote α-Syn LLPS, although the
efficiency is lower (Fig. S4). By contrast, α-Syn failed to drive
LLPS in the presence of small-molecule ethylene glycol, sup-
porting that PEG-10000 acts as a crowding agent to drive
α-syn LLPS (Fig. S5).

Next, we tested whether Mn2+ plays a role in α-Syn LLPS. In
the presence of PEG, a frequently used agent to mimic a
crowded cellular environment, 200 μM α-Syn formed the
typical smooth liquid droplets. When we included 2 mM
Mn2+, the morphology of condensates turned irregular
(Fig. 1A). The dose-dependence experiments showed that
α-syn could form solid-like condensates when Mn2+ concen-
tration was 400 μM or above (Fig. S6). Then we performed
fluorescence recovery after photobleaching (FRAP) experi-
ments to further examine the phase of α-Syn condensates. In
the absence of Mn2+, the fluorescence intensity of α-Syn
condensates completely returned to their prebleaching state
during the 120 s after laser bleaching, indicating the rapid
fluidity of α-Syn inside the droplets (Fig. 1, B and C). In
contrast, a dramatic decrease in FRAP with Mn2+ was
observed in the irregularly shaped aggregates. The fluores-
cence intensity recovers less than 20% during the 120 s after
bleaching either in large or small irregular aggregates (Figs. 1,
B and C and S7). These data suggested that the molecular
diffusion of protein inside the α-Syn condensates becomes
slower, indicating a liquid-to-solid phase transition occurred in
the presence of Mn2+.

To exclude the effect of EGFP, we used rhodamine (Rhod)-
labeled α-Syn to replace EGFP-α-Syn in the LLPS reactions.
Similar morphology changes and FRAP results were observed,
demonstrating that the labeling fluorophore affects neither the
α-Syn LLPS nor the interaction between Mn2+ and α-Syn
(Fig. S8). These data indicated that Mn2+ interacts with α-Syn
liquid condensates and efficiently induces a liquid-to-solid
transition. Protein self-assembly could be modulated by
experimental conditions, which may regulate protein phase
separation (10, 61). We then tested the effect of Mn2+ on α-Syn
phase transition under different conditions. Mn2+ could
induce the irregular α-syn condensates when we changed the
salt concentration or switched to phosphate buffer from Tris.
By contrast, Mn2+ failed to change α-syn morphology at low
pH (5.4) (Fig. S9).

To test whether this α-Syn phase transition is unique to
Mn2+, we examined the effects of other metal ions on α-Syn
LLPS. In the presence of PEG-10000, the sizes of α-Syn
droplets increased obviously when Cu2+, Zn2+, Al3+, Ni2+,
Co2+, or Cr2+ was individually added (Fig. S10). However, we
did not observe irregular condensates in any of these reactions.
When we included Mo5+, α-Syn LLPS was completely inhibi-
ted, which might be due to the disruption of the local charge
balance (Fig. S10). While the effects of other metal ions need to
be further studied, our data support that Mn2+-induced quick



Figure 1. Mn2+ promotes α-Syn liquid-to-solid phase transition in the presence of crowding agents. A, fluorescence and DIC images showing the
formation of EGFP-labeled α-Syn phase-separated condensates in the absence or presence of 2 mM Mn2+. The total α-Syn concentration is 200 μM.
B, representative FRAP images of α-Syn droplets (Top) and Mn2+-induced α-Syn condensates (Bottom). The fluorescence images of prebleached,
bleached (0 s), and bleached after 120 s recovery are shown. C, the normalized FRAP curves of α-Syn droplets (Red) and Mn2+-induced α-Syn con-
densates (Black) shown in (B). Data are presented as mean ± SD (n = 3 independent replicates). All the experiments were carried out in the presence of
20% PEG-10000.

Mn2+-induced α-synuclein phase transition
formation of irregular condensates is unique and distinct to
the effects of most other metal ions.
Mn2+ induces the formation of α-Syn solid-like condensates
from soluble monomers

Next, we examined how Mn2+ regulates α-Syn phase sepa-
ration in the absence of crowding agents. α-Syn itself did not
undergo LLPS in our conditions without a crowding agent.
Figure 2. Mn2+ induces α-Syn to form solid-like condensates in the absen
mation of α-Syn phase-separated condensates in the absence or presence of 2
α-Syn condensates induced by 2 mM Mn2+. C, the normalized FRAP curves of α
Data are presented as mean ± SD (n = 3 independent replicates). All the exp
Interestingly, when we included Mn2+, α-Syn was induced to
form phase-separated condensates (Fig. 2A). Based on a dose-
dependent experiment, we observed that α-syn started to form
phase-separated condensates when Mn2+ concentration was
400 μM (Fig. S11). Little fluorescence recovered in the FRAP
experiments of large and small condensates confirmed that the
structure of Mn2+-induced aggregates is more solid-like
(Figs. 2, B and C and S12). These data suggested that Mn2+-
α-Syn interaction may bypass the stage of LLPS and induce α-
ce of crowding agents. A, fluorescence and DIC images showing the for-
mM Mn2+. The total α-Syn concentration is 200 μM. B, the FRAP images of

-Syn solid-like condensates induced by 2 mM Mn2+ under no PEG condition.
eriments were performed in the protein storage buffer without PEG.
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Mn2+-induced α-synuclein phase transition
Syn to a solid-like state directly. Together, our studies indi-
cated that Mn2+ could interact with both the soluble α-Syn
monomers and liquid phase-separated α-Syn to generate solid-
like condensates.
Mn2+ induces the irregular α-Syn condensates in the presence
of lipid membrane

α-Syn binds to the surface of various lipid membranes,
especially the synaptic vesicles (28, 65). Vesicles containing
negatively charged lipids can induce α-Syn to form a highly
helical structure (66, 67). Lipid membranes were also reported
to modulate the formation of amyloid oligomers and fibrils
(26–28). It is necessary to test if Mn2+ induces α-Syn phase
transition in the membrane environment. As crowding agents
usually cause liposome clustering, we performed these exper-
iments in the absence of PEG. Our data showed that Mn2+ still
induced the irregular α-Syn condensates in the presence of
liposomes (Fig. 3). Furthermore, the lipid membrane was
recruited into α-Syn condensates, indicated by the colocali-
zation of Rhod-labeled lipids (Fig. 3). Interestingly, when we
added liposomes to the preformed Mn2+/α-Syn condensates,
the lipid membrane could not be integrated into the
Figure 3. Mn2+ induces the irregular α-Syn condensates in the presence of
in liposomes alone, liposomes/Mn2+, or α-Syn/liposomes. α-Syn were labele
rhodamine-PE. When α-Syn/liposomes were mixed with Mn2+ (α-Syn/liposome
α-Syn and rhodamine-labeled lipids. However, when we added liposomes to th
but could not enter the inside. All the experiments were performed in the pr
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condensates. Instead, the fluorescence-labeled lipid membrane
is associated with the surface of those Mn2+-induced α-Syn
condensates (Fig. 3).
Mn2+ accelerates the amyloid aggregation of phase-separated
α-Syn

As a risky factor of PD, manganese was proposed to pro-
mote α-Syn accumulation and cause neurotoxicity. We spec-
ulate that Mn2+ accelerates α-Syn aggregation through protein
phase separation, which can be measured by turbidity and
sedimentation assays (68, 69). In the presence of PEG, we
observed that α-Syn itself caused high turbidity due to the
formation of phase-separated liquid droplets (Fig. 4A) (68).
When we included Mn2+, a noticeable increase in turbidity was
observed. By a sedimentation assay, we can separate the phase-
separated α-Syn in pellets from the supernatant (69). We
found that Mn2+ enhanced the fraction of α-Syn protein
recovered from the condensed phase in pellets (Fig. 4B). These
data suggested that Mn2+ remarkably increases the total
amounts of phase-separated α-Syn.

Next, we tested if Mn2+-driven α-Syn phase transition ac-
celerates the process of amyloid aggregations. We used
liposomes. Fluorescence and DIC images showing no condensates formed
d by EGFP, while the liposomes contained 15% PS and were labeled by
s +Mn2+), Mn2+ induces irregular condensates containing both EGFP-labeled
e preformed Mn2+/α-Syn, lipids were recruited to the surface of condensates
otein storage buffer without PEG.



Figure 4. Mn2+ increases the amounts of phase-separated α-Syn and facilitates the formation of amyloid aggregates under 20% PEG. A, turbidity
assays showing the effect of Mn2+ on the formation of phase-separated α-Syn. Turbidity was evaluated by monitoring the absorbance at 405 nm, reflecting
the amounts of phase-separated protein. Data are presented as mean ± SD (n = 3). B, sedimentation-based assays showing the distributions of α-Syn in the
supernatant (S) and pellet (P) in the presence and absence of Mn2+. C, the formation of α-Syn amyloid aggregates indicated by the enhanced ThT fluo-
rescence at 485 nm. Data are presented as mean ± SD (n = 3). D, ThS staining assays showing the presence of amyloid structure inside the α-Syn solid-like
condensates induced by Mn2+. α-Syn condensates were incubated with ThS for 12 h before the observations. ThS copartitioning inside the Mn2+-treated
α-Syn condensates indicates the formation of amyloid structure.

Mn2+-induced α-synuclein phase transition
Thioflavin T (ThT), a specific fluorescence dye for aggregated
amyloid, to detect the α-Syn aggregation in solution (70). Mn2+

largely enhanced the ThT fluorescence, suggesting that it turns
α-Syn toward amyloid aggregates (Fig. 4C). This Mn2+-facili-
tated α-Syn amyloid-like aggregation was further confirmed by
Thioflavin S (ThS) staining, which showed concentrated ThS
fluorescence in the larger solid-like condensates (Fig. 4D). We
then examined the cytotoxicity of Mn2+-induced α-Syn con-
densates using rat pheochromocytoma PC12 cells by the MTT
method. α-Syn monomers or Mn2+ individually had little or
slight cellular toxicity on PC12 cells, consistent with previous
reports (Fig. S13) (51, 71). When we added Mn2+-induced
α-Syn condensates, the cell viability decreased obviously
(Fig. S13). The cytotoxicity of Mn2+-induced α-Syn conden-
sates is comparable to the preformed α-Syn or Mn2+/α-Syn
fibril (Fig. S13), indicating that Mn2+-α-Syn interaction facili-
tates the formation of toxic α-Syn aggregates. Together, our
data suggested that Mn2+ facilitates α-Syn liquid-to-solid state
transition to accelerate amyloid aggregation.
Mn2+-induced α-Syn condensates do not fuse but recruit
soluble α-Syn monomers

The phase-separated protein droplets during LLPS are
usually able to fuse (72, 73). Using α-Syn liquid droplets
labeled with different fluorophores, we observed that the
universal α-Syn liquid droplets fusion occurred in the presence
of PEG (Fig. S14). Next, we tested if Mn2+-involved α-Syn
condensates keep the ability to fuse. Since all the α-Syn con-
densates formed without PEG are purely generated by Mn2+-
protein interaction, we chose to study the fusion activity of
Mn2+-induced condensates in the absence of crowding agents.
EGFP- and Rhod-labeled α-Syn forms fluorescent α-Syn con-
densates in the presence of Mn2+, respectively (Fig. 5). When
we mixed these preformed α-Syn condensates, no fusion was
observed (Fig. 5). Interestingly, when we added Rhod-labeled
α-Syn monomers into preformed Mn2+/EGFP-α-Syn conden-
sates, the monomers were integrated inside the condensates
freely (Fig. 5). Thus, the Mn2+-induced α-Syn condensates lose
the ability to fuse because of their more rigid solid-like
structures. However, Mn2+ does not block the recruitment of
α-Syn monomers. These data further indicated that
Mn2+-induced α-Syn condensates are not entirely solidified in
the early stage and may serve as an intermediate stage toward
mature amyloid aggregates.
Mn2+-induced α-Syn phase transition is reversible

Metal ion–protein interactions could usually be reversed by
chelators. Next, we examined whether Mn2+-induced α-Syn
phase transition is reversible. The addition of EDTA, a
commonly used metal ion chelating agent, efficiently elimi-
nated the Mn2+-induced condensates in the absence of PEG-
10000. When excess Mn2+ was added, α-Syn condensates
reformed. The formation of α-Syn condensates was regulated
by excess Mn2+ or EDTA in the reaction, indicating that this
J. Biol. Chem. (2022) 298(1) 101469 5



Figure 5. Mn2+-induced α-Syn condensates do not fuse but recruit α-Syn monomers. Representative images of EGFP-labeled α-Syn condensates (EGFP-
labeled α-Syn/Mn2+), Rhod-labeled α-Syn condensates (Rhod-labeled α-Syn/Mn2+) showing the formation of α-Syn solid-like condensates labeled with
different colors. The two condensates did not fuse (EGFP-labeled α-Syn/Mn2+ + Rhod-labeled α-Syn/Mn2+) when they were mixed. However, when the
Rhod-labeled α-Syn monomers were added to EGFP-labeled α-Syn condensates, they were merged into the condensates (EGFP-labeled α-Syn/Mn2+ + Rhod-
labeled α-Syn). All the experiments were performed in the protein storage buffer without PEG.

Mn2+-induced α-synuclein phase transition
process is highly reversible (Fig. 6A). Further experiments with
the turbidity assay showed that Mn2+ and EDTA reversibly
control the phase-separated protein accumulations, supporting
the conclusion that α-Syn phase transition induced by Mn2+ is
reversible (Fig. 6B). We then tested whether Mn2+-induced
irregular condensates can be reversed back to the liquid
droplets. When Mn2+ was chelated by EDTA, we observed the
universal liquid droplets but no irregular condensates in the
presence of PEG (Fig. S15). EDTA decreased the turbidity of
Mn2+-treated α-Syn to the Mn2+-untreated level, further
demonstrating that EDTA reverses the Mn2+-induced solid-
like condensates back to liquid droplets (Fig. S15). However,
once the fibrillar aggregates matured, EDTA could not reverse
α-Syn aggregation (Fig. S16). Together, these data clearly
showed that Mn2+-induced α-Syn aggregation is reversible at
the early stage of phase transition but irreversible after the
fibrillar aggregates matured.
Discussion

Accumulation of α-Syn in Lewy bodies is the pathological
hallmark of PD. Conversion of soluble α-Syn into fibrillar
aggregates is the central event in the process. Excessive man-
ganese can cause neurotoxicity and increase the risk of PD.
Manganese leads to α-Syn overexpression and accumulation
inside the cell and facilitates its cell-to-cell transmission (51,
52). However, the molecular mechanism of α-Syn aggregations
regulated by Mn2+ remains unclear.
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LLPS is involved in multiple cellular and pathophysiological
processes. For example, FUS initiates DNA damage repair
through LLPS, and abnormal phase separation of TDP-43 can
cause neuron cell death (56, 74). α-Syn undergoes LLPS to
form condensates, acting as an intermediate to initiate fibrillar
aggregations (62). The phase transition during α-Syn accu-
mulation could be a potential target for PD and other synu-
cleinopathies. Fe3+ and Cu2+ were recently shown to promote
α-Syn LLPS by accelerating the formation of liquid droplets
(62). In this study, we showed that various metal ions,
including Cu2+, Zn2+, Al3+, Ni2+, Co2+, and Cr2+, modulated
α-Syn LLPS by enlargement of the liquid droplets. By contrast,
Mn2+ dramatically induced the irregular α-Syn condensates by
facilitating the liquid-to-solid phase transition of preformed
α-Syn droplets. Besides, Mn2+ was able to drive α-Syn
monomers to form solid-like condensates directly. While most
of these heavy metal ions promote α-Syn aggregation, our
studies suggested that they may take diverse mechanisms. The
Mn2+-induced phase transition facilitated α-Syn intermolec-
ular assembly and accelerated the amyloid aggregation
(Fig. 6C).

However, the induction of irregular α-syn condensates re-
quires an excess of Mn2+. Our data indicated that the irregular
condensates appear only when the molar ratio of Mn2+/α-syn
reaches 2 or above. We assume a high Mn2+/α-syn ratio
requirement is due to the low binding affinity between them
(30, 75). It is known that Mn2+ interacts with α-syn primarily
through the C-terminal residues of the protein (10, 30).



Figure 6. Mn2+-induced α-Syn solid-like condensates can be reversed by metal chelators. A, fluorescence and DIC images showing the formation of
α-Syn solid-like condensates was circularly controlled by excess Mn2+ or EDTA in the reaction. The excess concentration of Mn2+ or EDTA was 2 mM or 0.5 mM
in each round. B, turbidity measurements of the samples shown in (A). Data are presented as mean ± SD (n = 3). p values were calculated using one-way
ANOVA with Tukey’s multiple comparisons test. n.s., p> 0.05. ***p< 0.001. ****p< 0.0001. The calculated p values for +Mn2+, +EDTA, +Mn2+(2), +EDTA(2) were
***p = 0.0001, n.s., p = 0.9994, ****p < 0.0001, n.s., p > 0.9999. C, schematic illustration showing α-Syn undergoes phase transitions to form fibrillar
aggregation in the absence or presence of Mn2+.

Mn2+-induced α-synuclein phase transition
However, the detailed binding information is still lacking. The
high-resolution structural insights are required to illustrate the
mechanisms of how Mn2+ interacts with α-syn to induce phase
transition and amyloid aggregation. The correlation between
our biochemical study and manganese exposure caused PD,
which also needs to be further examined.

Mn2+ induces α-syn phase transition in the presence of lipid
membrane, which is another interesting finding. Importantly,
the Mn2+/α-syn condensates can recruit the lipids from vesi-
cles, consistent with previous findings that lipids colocalize
with α-syn fibrils in Lewy bodies (23). One of the character-
istics of liquid droplets during LLPS is they can fuse (72). We
observed that although wide-type α-Syn liquid droplets can
easily fuse, the Mn2+-induced α-Syn condensates could not
fuse at all. However, these solid-like condensates keep the
ability to recruit soluble α-Syn monomers to enlarge the
aggregates.

The aggregation of α-Syn serves as a promising target for
PD therapies, and this strategy has been extensively studied for
many years (16, 22, 76). Successful drug candidates may target
any of the stages during α-Syn aggregation. As for the
treatment of Mn2+-caused α-Syn accumulation, it is critical to
figure out in which stage metal chelators can reverse α-Syn
aggregation. We discovered that EDTA could not efficiently
reduce the amyloid aggregation once Mn2+-α-Syn aggregates
matured. Interestingly, the protein aggregation could be
reversed by chelators at the early stage of Mn2+-induced phase
transition. Our studies suggested that phase transition is a
promising target for Mn2+-caused α-Syn accumulations in PD.
As other factors that modulate α-Syn aggregations have the
possibilities to regulate LLPS as well, the phase transition of
α-Syn could be a general key target for PD treatment. In
support of this, recent studies have reported that protein LLPS
can be modulated by small molecules, either inducing or
preventing the formation of liquid droplets (77, 78).

Taken together, these findings suggest that Mn2+ promotes
α-Syn amyloid aggregation through the stage of early LLPS.
Mn2+ interacts with α-Syn, alters the pathway of LLPS by
facilitating the liquid-to-solid phase transition or directly
inducing the solid-like condensates (Fig. 6C). Metal manga-
nese exposure is a risk factor for PD by increasing α-Syn ac-
cumulations. Our study establishes the molecular mechanism
J. Biol. Chem. (2022) 298(1) 101469 7
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by which Mn2+ promotes α-Syn amyloid aggregation, revealing
that the early phase transition could be a future target for PD
therapies.

Experimental procedures

Protein expression and purification

Recombinant untagged α-Syn was expressed in Escherichia
coli and purified by nickel affinity chromatography, using a
previously established procedure (79–82). The human α-Syn
gene was cloned into a pET28a-based SUMO vector. His6-
SUMO-α-Syn fusion protein was digested by SUMO pro-
teases to remove the extra His6-SUMO tags. The untagged
α-Syn protein was purified using gel filtration chromatog-
raphy and subsequently dialyzed overnight against a protein
storage buffer (25 mM Tris-HCl [pH7.4], 50 mM NaCl). To
prepare the EGFP-α-Syn protein, EGFP and α-Syn coding
sequences were incorporated together into a pET28a-based
SUMO vector, and the fusion protein was generated
following the same procedure as α-Syn.

Protein labeling

α-Syn was fluorescence-labeled by a rhodamine labeling kit
following the manufacturer’s instructions (Thermo Fisher
Scientific). Briefly, the α-Syn protein was dialyzed against the
labeling buffer (50 mM sodium borate, pH 8.5) and mixed with
15-fold molar excess of rhodamine dye. After incubation at
room temperature for 1 h, the excess dye was removed by
overnight dialysis against the protein storage buffer.

The labeling degree of α-Syn with rhodamine dye was
calculated following the manufacturer’s instructions.

First, we calculated the concentration of the protein in the
sample using the equation:

Protein concentration ðMÞ¼A280−ðAmax×CFÞ
ε

Where CF = Correction factor. The CF of rhodamine dye is
0.34, provided by the manufacturer’s instructions. ε = protein
molar extinction coefficient, εα-Syn is 5960 M−1 cm−1. Amax =
Absorbance value of the protein–dye conjugate measured at
the wavelength maximum of dye. A280 = Absorbance value of
protein–dye conjugate measured at 280 nm.

Then, the degree of labeling was calculated by the following
equation:

Moles dye per mole protein¼ Amax of the labeled protein
ε
0×protein concentration ðMÞ

Where ε
0= molar extinction coefficient of the fluorescent dye.

We calculated the labeling ratio as 0.77 ± 0.15 mol dye per
mole protein in our α-Syn protein labeling experiment.

In vitro formation of α-Syn condensates

The formation of α-Syn condensates was performed in the
presence of the crowding agent PEG-10000. Unlabeled α-Syn
and fluorescence-labeled α-Syn were mixed at a molar ratio of
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9:1. 200 μM α-Syn mixture was incubated with or without
2 mM MnCl2 in the presence of 20% PEG-10000 (w/v). The
mixed solution was transferred to a 96-well plate and visual-
ized with a 60× oil immersion objective under a Nikon A1
microscope (Nikon Corporation).

Fluorescence recovery after photobleaching (FRAP) assay

For each FRAP measurement, 5 μl of the fluorescence-
labeled α-Syn condensates were dropped onto a glass slide.
The sample was then covered with a 12 mm coverslip, sealed
with nail paint, and dried with nitrogen. FRAP was performed
using a Nikon A1 microscope, and the measurements involved
two prebleaching frames, one flash of bleaching (100% of laser
power), and six postbleaching frames. For EGFP-labeled and
rhodamine-labeled α-Syn condensates, photo-bleaching was
carried out using a 488 nm and 561 nm laser, respectively.
Data were normalized to the maximal prebleach and minimal
postbleach fluorescence intensities.

Sedimentation-based assay

Sedimentation and electrophoresis assays were performed
as previously described (83). Each α-Syn sample contains
200 μM α-Syn with a total volume of 50 μl. The phase-
separated α-Syn protein in each sample was separated by
centrifugation at 16,000g for 10 min. The supernatant was
collected, and the pellet was washed and resuspended with
50 μl of the same buffer. The same volume of samples from
supernatant and pellet were analyzed by SDS-PAGE.

Turbidity assay

The turbidity was employed to evaluate the protein phase
separation. The samples were added to a transparent 96-well
plate in a turbidity assay, and the absorbance at 405 nm was
measured at 37 �C using a BioTek Synergy HT microplate
reader (80). Full accounting of statistical significance was
included for each figure based on at least three independent
experiments.

Thioflavin T (ThT) fluorescence

The formation of α-Syn amyloid aggregates was monitored
using a ThT assay as previously described (70). Briefly, all α-
Syn samples were diluted to 5 μM, and the final concentration
of ThT is 40 μM. Fluorescence was measured on a BioTek
Synergy HT microplate reader. The excitation wavelength was
440 nm and the emission intensity at 485 nm was used for
analysis. Full accounting of statistical significance was included
for each figure based on at least three independent
experiments.

Thioflavin S (ThS) staining assay

ThS solution was prepared at a concentration of 0.0625% in
protein storage buffer. For each sample, 10 μl of α-Syn con-
densates was incubated with 1 μl ThS solution at 37 �C for
12 h. ThS fluorescence was visualized under a Nikon A1 mi-
croscope with a 60× oil immersion objective lens.
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Liposome preparation

All lipids used in this work were acquired from Avanti Polar
Lipids Inc. 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC, CAT#850457C), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-L-serine (POPS, CAT#840034C), 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine
B sulfonyl) (Rhod PE, CAT#810158P) were mixed at the molar
ratio of 84.5:15:0.5. After evaporation by nitrogen, the lipids
were dried and resuspended in the reconstitution buffer
(25 mM Tris-HCl [pH7.4], 50 mM NaCl) (81, 84). The
resuspended lipid bilayers were then performed six freeze–
thaw cycles using liquid nitrogen followed by extrusion
through 50 nm pore size filters using a miniextruder (Avanti
Polar Lipids).

Transmission electron microscopy

α-Syn protein with or without MnCl2 agitated at 37 �C for
113 h. The samples were dropped on the carbon-coated cop-
per grids and subsequently stained with 2% uranyl acetate (84).
EM images were observed on an H-7650 TEM (HITACHI) at
80 kv of acceleration voltage.

Cell culture and MTT assay

PC12 cells were cultured in high-glucose DMEM (WISENT
INC) supplemented with 10% FBS, 5% Donor Equine Serum
(HyClone), 100 units/ml of penicillin, and 100 μg/ml of
streptomycin in a water-saturated atmosphere of 5% CO2 at
37 �C (83). Cells were seeded in 96-well microtiter plates at
5 × 103 cells/well in 100 μl medium and incubated for 12 h.
PC12 cells were treated with PBS, α-Syn monomers, Mn2+,
Mn2+/α-Syn condensates, α-Syn fibrils, Mn2+/α-Syn fibrils,
respectively. After 24 h, 10 μl MTT (5 μg/ml, prepared in PBS)
was added, and the cells were continued to culture for another
4 h. The medium was removed, and 150 μl of dimethyl sulf-
oxide (DMOS) was added to each well. After 10 min, the ab-
sorption at 490 nm was measured by a BioTek Synergy HT
microplate reader.

Statistical analysis

All data are presented as the mean ± SD and were analyzed
using GraphPad Prism 8.0.2 software for Windows. Statistical
significance was calculated using one-way ANOVA, and
p value <0.05 was considered as statistically significant.

Data availability

All data presented are contained within the main manu-
script and supporting information.
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