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In the neurodegenerative disease multiple system atrophy (MSA),
α-synuclein misfolds into a self-templating conformation to become a
prion. To compare the biological activity of α-synuclein prions in MSA
and Parkinson’s disease (PD), we developed nine α-synuclein−YFP cell
lines expressing point mutations responsible for inherited PD. MSA
prions robustly infected wild-type, A30P, and A53T α-synuclein–YFP
cells, but they were unable to replicate in cells expressing the E46K
mutation. Coexpression of the A53T and E46K mutations was unable
to rescue MSA prion infection in vitro, establishing that MSA α-synu-
clein prions are conformationally distinct from the misfolded α-synu-
clein in PD patients. This observation may have profound implications
for developing treatments for neurodegenerative diseases.
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Multiple system atrophy (MSA) is a rapidly progressing
neurodegenerative disease resulting in dysfunction of the

autonomic nervous system and disrupted motor function. The
pathological hallmark of MSA is the presence of α-synuclein
aggregates that coalesce into glial cytoplasmic inclusions (GCIs)
in oligodendrocytes (1). MSA is one of four synucleinopathies,
the other three being Parkinson’s disease (PD), Parkinson’s disease
with dementia (PDD), and dementia with Lewy bodies (DLB). In
PD, PDD, and DLB patients, α-synuclein accumulates in neurons as
Lewy bodies and Lewy neurites (2). Recent studies demonstrate that
MSA is unequivocally caused by α-synuclein prions, which are mis-
folded proteins that undergo self-propagation and are capable of
transmitting disease to transgenic (Tg) mice (3–6). Using TgM83+/−

mice, which express human α-synuclein with the familial A53T mu-
tation, both intracranial (3, 5) and peripheral inoculation (6) of brain
homogenate from a total of 17 MSA patients induced neurological
disease in the animals. In addition, α-synuclein prions isolated from
MSA patients propagated in cultured HEK cells that express mutant
human α-synuclein*A53T fused to YFP (α-syn140*A53T−YFP) (4).
While PD transmission studies have induced α-synuclein neuropa-
thology (7–9), attempts to transmit disease to TgM83+/− mice or to
infect α-syn140*A53T−YFP cells have been unsuccessful (5), sug-
gesting that distinct conformations of misfolded α-synuclein or
α-synuclein prion strains may be responsible for these diseases.
To study the strain-specific properties of α-synuclein prions in

MSA patients and to reconcile the differences between PD and
MSA prions, we conducted a series of studies to investigate the
effect of inherited PD point mutations on MSA prion replication. In
addition to the original WT (α-syn140–YFP) and α-syn140*A53T–
YFP cells first reported in 2015 (4), we generated seven additional
HEK cell lines expressing single mutations (A30P and E46K),
double mutations (A30P,A53T and E46K,A53T), and truncated
α-synuclein*A53T (residues 1–95, 1–97, and 29–97). After mea-
suring MSA prion infection in the WT, A30P, and A53T cell lines,
we were surprised to observe that the E46K mutation prevented the
replication of MSA prions in vitro. Moreover, coexpressing the
E46K and A53T mutations failed to facilitate robust propagation,
underscoring the presence of two distinct prion strains in MSA and

PD patients. Interestingly, truncation of α-synuclein*A53T at amino
acid residue 95, which has been reported to increase the propensity
of the protein to aggregate (10), also blocked MSA infection, but
the addition of the two lysines at residues 96 and 97 restored MSA
prion replication in vitro. The same selective infectivity demon-
strated for MSA prions across the α-synuclein–YFP cell lines was
observed using both mouse- and cell-passaged MSA samples,
arguing that prion replication occurs with high fidelity in the
two model systems.
Recombinant or synthetic α-synuclein fibrils are typically used in

lieu of patient-derived material in synucleinopathy research. When
recombinant α-synuclein fibrils (WT, A30P, E46K, and A53T) were
tested on the α-synuclein–YFP cell lines, all four fibrils showed
broad, nonselective infection, contending that the conformation(s)
present were not representative of MSA prions. Following this
observation, we compared the stability of MSA prions with α-syn-
uclein fibrils under two denaturing conditions. We found that while
MSA prions were completely degraded by either 5 μg proteinase K
(PK) or 3 M guanidine (GnHCl), α-synuclein fibrils were only
partially denatured under the same conditions. Together, these
results indicate that MSA is caused by a distinct conformation of
α-synuclein prions compared with PD and that neither of these
conformations is well represented by α-synuclein fibrils.

Significance

In Parkinson’s disease (PD) and multiple system atrophy (MSA),
the accumulation and spread of α-synuclein prions leads to the
progressive degeneration seen in patients. These diseases are
thought to arise from unique conformations of α-synuclein
prions—or strains. To investigate this hypothesis, we infected
cell lines expressing PD-causing point mutations in α-synuclein
with MSA patient samples. Unexpectedly, the E46K mutation
inhibited MSA prion replication. This observation indicates that
the α-synuclein prion conformation found in PD is different
from the strain found in MSA, providing biological evidence
that these diseases arise from distinct prion strains. The ability
of α-synuclein recombinant fibrils to infect all cell lines tested
argues that synthetic α-synuclein prions are not predictive of
the disease-causing strains in human patients.
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Results
Cell-Passaged MSA Prions Transmit Disease to TgM83+/− Mice. Following
our initial observation that α-synuclein prions isolated from MSA
patients infect HEK cells expressing the α-syn140*A53T–YFP fu-
sion protein, we developed additional HEK cell lines expressing WT
(α-syn140–YFP) and A30P-mutated α-synuclein (α-syn140*A30P–
YFP) to compare the effect of disease-causing mutations on
α-synuclein prion replication (Fig. S1 and Table S1). α-Synuclein
prions were isolated from brain homogenate prepared from one
control (C2) and three MSA patients (MSA12, MSA13, and
MSA14) by precipitation with phosphotungstic acid (PTA) (4)
and were incubated with α-syn140–YFP, α-syn140*A30P–YFP,
and α-syn140*A53T–YFP cells in a 384-well plate for 4 d. Live
cells were imaged using the IN Cell Analyzer 6000 cell-imaging
system (GE Healthcare), and the images were analyzed to de-
termine the total fluorescence in the aggregates divided by the
cell count (fluorescence/cell × 103 a.u.). For each sample, five
images were collected from six wells. A single value was de-
termined for each well, and the six technical replicates were
averaged for each sample. While C2 had no effect on the three
lines (Fig. 1A and Table S2), MSA prions significantly infected
α-syn140–YFP (P = 0.0001), α-syn140*A30P–YFP (MSA12, P =
0.0009; MSA13, P = 0.0001; MSA14, P = 0.0003), and
α-syn140*A53T–YFP cells (P = 0.0001), inducing the formation of
YFP+ aggregates in the cells. Notably, infection in the
α-syn140*A53T–YFP cells was more robust than in the cells
expressing WT or A30P-mutated α-synuclein, which were similarly
infected by the three samples.
Recognizing that MSA prions can be serially propagated in the

α-syn140*A53T−YFP cells (4), we tested the ability of the infected
cells to transmit disease to mice. After infecting α-syn140*A53T−
YFP cells with MSA prions isolated from patient MSA14, we
isolated two stable clones containing α-synuclein–YFP aggregates
(MSA14-11 and MSA14-12). A third clone was produced by
infecting cells expressing truncated mutant human α-synuclein
(α-syn95*A53T−YFP) (Table S1) with lysate collected from the
MSA-infected α-syn140*A53T−YFP cells (MSA14-M1). Lysates
collected from all three clones, as well as three separate prepara-
tions of uninfected α-syn140*A53T−YFP cells, were inoculated
intracerebrally into TgM83+/− mice (Fig. 1 B and C). Lysates from
MSA14-12 and MSA14-M1 transmitted neurological disease to all

the inoculated animals (173 ± 70 d, n = 7 and 177 ± 50 d, n = 8,
respectively), and MSA14-11 transmitted disease to five of seven
mice within 400 d (incubation time for symptomatic animals, 227 ±
95 d) (Fig. 1B). None of the 19 total mice inoculated with un-
infected lysate developed disease within 400 d, indicating that
uninfected α-syn140*A53T−YFP cells do not develop spontaneous
α-synuclein prions (P < 0.0001). Moreover, we found that frozen
half-brains from symptomatic mice contained α-synuclein prions,
as measured in the α-syn140*A53T−YFP cell assay (MSA12, 65 ±
27 × 103 a.u.; MSA13, 76 ± 20 × 103 a.u.; 98 ± 20 × 103 a.u.;
P = 0.0001), but prions were not detected in the control mice
(2.7 ± 0.7 × 103 a.u.) (Fig. 1C). Symptomatic animals inoculated
with the MSA lysates developed phosphorylated α-synuclein
neuropathology (antibody for pS129) and astrogliosis in the di-
encephalon and brainstem (Fig. S2). Analogous to α-synuclein
aggregates in MSA patients, pS129 immunostaining colocalized
with both p62 (Fig. S2B) and ubiquitin (Fig. S2C). These findings
indicate that the YFP+ aggregates induced by MSA prions in the
α-synuclein–YFP cells are neuropathogenic.

MSA Prion Replication Is Blocked by the PD E46K Mutation. After ob-
serving MSA prion replication in α-synuclein–YFP cells expressing
WT, A30P, and A53T α-synuclein, we tested infection in cells
expressing the E46K mutation (α-syn140*E46K–YFP). Un-
expectedly, we found that MSA prions were unable to infect the
E46K-expressing cells (P = 0.25) (Fig. 2A and Table S2) despite
evidence that the mutation gives rise to familial PD and DLB
(11). When we coexpressed both the E46K and A53T mutations
in the same cell line (α-syn140*E46K,A53T–YFP), the MSA
prions showed a significant infection in the cells compared with
the control sample (MSA12 and MSA13, P = 0.0001; MSA14,
P = 0.01). The magnitude of infection, however, was substan-
tially reduced compared with the α-syn140*A53T–YFP cells.
Notably, when we coexpressed the A30P and A53T mutations
(α-syn140*A30P,A53T–YFP), we observed robust infection with
MSA prions (P = 0.0001), indicating that the stunted replication
in the α-syn140*E46K,A53T–YFP cells is a result of the observed
dominant inhibition of the E46K mutation.
The 3D structure of α-synuclein prions isolated from an MSA

patient has not been determined. Crystal structures of misfolded
proteins from neurodegenerative disease patient samples are

Fig. 1. Cell-passaged MSA prions transmit disease. (A) α-Synuclein prions were isolated from three MSA patient samples and one control sample by phos-
photungstic acid precipitation. The MSA prions were able to significantly infect HEK cells expressing WT and mutated (A30P and A53T) α-synuclein–YFP fusion
proteins. Data are shown as mean ± SD. (B and C) Patient sample MSA14 was used to generate stable clones infected with MSA prions (MSA14-11, MSA14-12,
and MSA14-M1). Lysates from infected and uninfected cells were inoculated into TgM83+/− mice (30 μg protein). (B) The Kaplan–Meier plot shows the onset of
neurological signs. Dpi, days post inoculation. (C) α-Synuclein prions were measured from frozen half-brains in the α-syn140*A53T–YFP cell assay (× 103 a.u.).
Circles indicate infected mice that died from disease (above dotted line); triangles indicate asymptomatic animals terminated 400 d post inoculation. Mice
inoculated with cell-passaged MSA contained significantly more α-synuclein prions than controls. ***P < 0.001, ****P < 0.0001.
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not feasible to generate, and only recently has cryo-electron
microscopy (cryo-EM) enabled structural biologists to ascertain
the structure of tau prions from an Alzheimer’s disease patient
(12). A handful of α-synuclein structures have been reported
using synthetic fibrils, although many are based on highly or-
dered protein fragments (13–16). Comparing our finding that the
E46K mutation blocks MSA prion replication with the published
α-synuclein structures, we noted that the Greek key motif pro-
posed by Tuttle et al. (13), which is based on a solid-state NMR
structure of full-length fibrils, suggests that residue E46 forms an
important salt bridge with K80 to stabilize the conformation. In
this structure, the mutation at residue 46 to a lysine would result
in a repulsive interaction with the lysine at residue 80, dis-
favoring the conformation. This alteration is consistent with the
inability of the A53T mutation to rescue the effects of the E46K
mutation in vitro.
Inclusion of lysines 96 and 97 in the highly ordered region of

the α-synuclein model proposed by Tuttle et al. (13) is in contrast
with the systemic mutagenesis studies that showed truncating
α-synuclein at residue 95 increases the propensity of the protein
to aggregate in vitro (10). Testing the effect of both of these
truncations on MSA prion replication, we created HEK cells
expressing A53T-mutated human α-synuclein shortened to either
95 residues (α-syn95*A53T–YFP) or 97 residues (α-syn97*A53T–
YFP) (Fig. 2B). After incubating both cell lines with MSA prions,
we measured a minute increase in aggregate formation in the
α-syn95*A53T–YFP cells (MSA12 and MSA13, P = 0.0001;
MSA14, P = 0.02) but a robust infection in the α-syn97*A53T–
YFP cells (MSA12 and MSA13, P = 0.0001; MSA14, P = 0.001),
suggesting that the MSA prion conformation also requires the
two additional lysines for stability. The proposed templating re-
gion of α-synuclein in the Greek key structure spans amino acid
residues 29–97 (13). In a third cell line expressing this fragment
of the protein (α-syn29-97*A53T–YFP), MSA12 and MSA13
induced significant aggregate formation (P = 0.0001), but MSA14
did not (P = 1.0).

MSA Prions Retain Exquisite Selectivity in α-Synuclein–YFP Cells After
Passaging. Comparing the cell-infection data measured from the
α-synuclein–YFP cell lines (Figs. 1A and 2), we created an in-
fection profile to represent the selective infection of MSA prions
across the nine cell lines (Fig. 3A). Using brain homogenate from
the same MSA patient samples, TgM83+/− mice inoculated with

1% homogenate developed neurological signs (MSA12, 117 ±
27 d, n = 8; MSA13, 113 ± 26 d, n = 8; MSA14, 130 ± 30 d, n = 6;
P < 0.0001) accompanied by α-synuclein prion formation
(MSA12, 52 ± 24 × 103 a.u., n = 5; MSA13, 52 ± 22 × 103 a.u.,
n = 5; MSA14, 68 ± 22 × 103 a.u., n = 4; P < 0.0001) and
neuropathology. None of these measures of disease were ob-
served in C2-inoculated animals (terminated 365 d post in-
oculation, n = 10; C2 cell infectivity, 1.8 ± 0.5 × 103 a.u., n = 10)
(Fig. S3). α-Synuclein prions isolated from the brains of two mice
inoculated with one of the four patient samples were incubated
with the nine α-synuclein–YFP cell lines (Fig. 3B and Table S2).
The infection profile of the mouse-passaged MSA samples
exhibited the same infection bias as the MSA samples across the
cell lines, with the E46K mutation and truncation at residue
95 blocking prion replication in vitro. Additionally, the lysates
developed from patient sample MSA14 were similarly selective,
with minor differences in the WT and A30P cell lines (Fig. 3C).
However, those differences disappeared when we infected the
cells with α-synuclein prions isolated from the brains of four mice
inoculated with each lysate (Fig. 3D). Importantly, these obser-
vations are not due to differences in protein expression across the
nine cell lines, given that the cell infectivity pattern is distinct from
the measured protein expression in each cell line (Fig. S1). These
findings suggest that MSA α-synuclein prions template with high
fidelity in TgM83+/− mice and α-synuclein−YFP cells and provide
key data about the structure of MSA prions.

α-Synuclein Fibrils Universally Infect α-Synuclein–YFP Cells. The
majority of research focusing on α-synuclein misfolding in animal
and cellular models of synucleinopathy has relied on recombinant
or synthetic α-synuclein that is fibrillized in the laboratory
(reviewed in refs. 17–19). To profile the infectivity of synthetic fi-
brils, we aggregated recombinant WT, A30P, E46K, and A53T
α-synuclein and tested serial dilutions of these fibrils for their ability
to infect the nine α-synuclein−YFP cell lines (Fig. 4 and Table S2).
In seven of the nine cell lines, WT fibril infection was the most
robust, with the mutant proteins inducing less aggregate formation.
However, in the α-syn140*E46K−YFP and α-syn140*E46K,A53T−
YFP cells, the E46K fibrils were the most infectious. Remarkably,
all four fibril types infected the α-synuclein−YFP cell lines.
In contrast with MSA or passaged MSA prions, synthetic α-syn-
uclein prions showed no discernable infection selectivity in the cell
assay (Table 1).

Fig. 2. The E46K mutation in α-synuclein ablates replication of MSA prions. α-Synuclein prions were isolated from three MSA patient samples and one control
sample by phosphotungstic acid precipitation and were incubated with HEK cells expressing mutated and truncated α-synuclein–YFP fusion proteins. (A) MSA
prions were unable to replicate in cells expressing the E46K mutation. Coexpression with the A53T mutation marginally improved infection. However,
coexpression of the A30P and A53T mutations resulted in robust replication of MSA prions. (B) Truncation of α-syn*A53T at residue 95, but not at residue 97,
hindered MSA prion infection in the HEK cells. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Biochemical Stability of α-Synuclein Prions Is Strain-Dependent.
Observing the stark contrast between the infection profile of
MSA prions and α-synuclein fibrils, we compared α-synuclein
prion stability under denaturing conditions (Figs. S4–S7). To
confirm that the α-synuclein prions detected in MSA-inoculated
mice templated the misfolded conformation in human patient
samples with high fidelity, we first determined the stability of
MSA α-synuclein prions using both PK digestion and GnHCl
denaturation. While no phosphorylated α-synuclein was detected
in C2 brain homogenate, α-synuclein prions in MSA patient
samples were resistant to 1 μg PK and were partially resistant to
2.5 μg PK but were fully digested with 5 μg PK at 37 °C for 30 min
(Fig. S4). The same resistance to PK digestion was observed in
TgM83+/− mice inoculated with MSA homogenates, but no re-
sistance was seen in C2-inoculated animals. However, while 5 μg PK
completely digested α-synuclein in MSA patient samples, the same
concentration only partially digested all four α-synuclein fibrils
(Fig. S5).
Using increasing concentrations of GnHCl to denature the MSA

prions, we found no GnHCl-resistant α-synuclein in the C2 ho-
mogenate or in TgM83+/− mice inoculated with C2 homogenate
(Fig. S6). However, α-synuclein in the MSA patient samples was
resistant to 1 M GnHCl but was almost completely denatured by
3 M GnHCl. A similar resistance to GnHCl denaturation was
observed in two TgM83+/− mice inoculated with MSA, with re-
sistance to 1 M GnHCl (MSA12, 100 ± 5.4% of control; MSA13,
94 ± 13% of control; MSA14, 100 ± 20% of control) and almost
complete degradation by 3 M GnHCl (MSA12, 9.3 ± 4.1% of
control; MSA13, 5.9 ± 5.8% of control; MSA14, 7.7 ± 1.3% of
control) (dotted lines in Fig. S6A). In contrast, 3 M GnHCl
denatured only ∼50% of the α-synuclein fibrils [WT, 62% of
control; A30P, 49% of control; E46K, 52% of control; A53T, 46%
of control (Fig. S7)]. Combined with the cell assay data, these
denaturation results establish that α-synuclein fibrils are not en-
tirely representative of the α-synuclein prions in MSA patients.
While the fibrils may be composed of one conformation that is
distinct from the MSA prion conformation, we cannot rule out the
possibility that multiple conformations may be present in each
fibril preparation.

Discussion
In the studies reported here, we demonstrate that the misfolded
α-synuclein conformation in MSA patients is propagated with
high fidelity in cultured cells and TgM83+/− mice. Moreover, the
inability of the MSA samples to infect the α-syn140*E46K−YFP
cells provides additional evidence that the α-synuclein prion
strain that gives rise to MSA is distinct from at least one strain
responsible for PD and DLB. Critically, the exquisite selectivity
of MSA prions to infect α-synuclein−YFP cells and the lack of
PD and DLB sample infection in α-syn140*A53T−YFP cells (4)
emphasize that recombinant α-synuclein fibrils are insufficient to
serve as a proxy for natural, disease-causing α-synuclein prion
strains in research models.
The importance of using strain-specific models of neurodegen-

erative disease is underscored by a decade of research focused on
drug discovery for Creutzfeldt–Jakob disease (CJD). The continued
inability to propagate prions from CJD patients in cultured cells
currently renders high-throughput screening (HTS) against CJD
prions impossible. Instead, HTS campaigns have relied on mouse-
adapted scrapie strains, most notably the RML isolate (reviewed in
ref. 20). Screening against RML in cultured cells has identified
several compounds that significantly extend the life spans of RML-
inoculated mice. However, the same compounds were ineffective in
mice inoculated with CJD prions (21). This crucial observation
highlights the challenges that strain specificity contributes to de-
veloping successful therapeutics for all prion diseases.
To overcome this hurdle, the ongoing efforts to bring treat-

ments for synucleinopathy patients to the clinic must rely on
model systems that are predictive of the target patient population.
One of the more commonly used animal models, the homozygous
TgM83 mouse line, develops spontaneous disease around 1 y of
age (22). Intracerebral inoculation of brain homogenate from
aged, symptomatic animals into 2-mo-old TgM83+/+ mice reduced
the onset of disease to ∼130 d post inoculation (23, 24), demon-
strating the formation of transmissible α-synuclein prions in the
animal model. Notably, when the hemizygous TgM83+/− mice
were inoculated with homogenate from symptomatic TgM83+/+

animals, the incubation period was greatly extended relative to
inoculation of brain homogenate from MSA patients (3, 5).

Fig. 3. MSA prions replicate with high fidelity in mice and cells. The nine α-synuclein−YFP cell lines were tested for infection with MSA and passaged MSA
homogenates. Cell line abbreviations are given in Table S1. (A) MSA prions from patients MSA12, MSA13, and MSA14 were unable to infect cells containing
the E46K mutation alone (K) or in combination with the A53T mutation (KT), nor could they infect cells expressing α-synuclein*A53T truncated at residue 95
(1-95). (B) MSA prions passaged through TgM83+/− mice showed similar selectivity in the α-synuclein−YFP cell assays. (C and D) Patient sample MSA14 was used
to generate stable clones infected with MSA prions (MSA14-11, MSA14-12, and MSA14-M1). Lysates from these cells showed a similar infectivity profile in the
α-synuclein cell lines (C), as did TgM83+/− mice inoculated with the lysates (D). Control samples did not infect the cells. Data are shown as the mean.
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Distinct prion strains are known to induce differences in in-
cubation period following inoculation, supporting the notion that
TgM83+/+ mice and MSA patients develop two separate strains of
α-synuclein prions. Moreover, inoculation studies testing trans-
mission of disease from PD patients to TgM83+/− mice have failed
to induce neurological disease (5), suggesting that PD patients
develop a third α-synuclein prion strain.
Providing additional support for this hypothesis, the identifi-

cation of distinct pathognomonic α-synuclein pathology along
with unique symptoms in PD and MSA patients has contributed
to the understanding that different conformations of misfolded
α-synuclein are responsible for these diseases (5, 25–28). The
finding reported here that the E46K mutation, which gives rise to
familial PD and DLB (11), obstructs the propagation of MSA
prions in cultured cells provides remarkable evidence that MSA
is caused by a unique α-synuclein prion strain. Furthermore,
mouse- and cell-passaged MSA prions retained the biological
properties of human MSA prions, indicating that replication of
the strain in both model systems occurs with high fidelity. Re-
combinant α-synuclein fibrils, however, were found to behave
differently from MSA prions. Regardless of whether the fibrils
were WT or mutated, they infected all nine α-synuclein−YFP
cell lines and exhibited an altered stability to PK digestion and
GnHCl denaturation. While it has not been feasible to obtain
structural data from patient-derived tissue, it is hoped that recent

advances with cryo-EM will provide an opportunity to further
investigate strain differences in synucleinopathy patients.
Ongoing efforts to develop effective therapeutics and successful

diagnostic tools for PD and MSA patients have largely relied on the
use of synthetic or recombinant fibrils. This approach, however, ig-
nores the important discrepancies between the α-synuclein prion
strains that give rise to the two diseases. Strain differences likely
contribute to a number of central distinctions between PD andMSA,
including the cell types affected and the cellular pathways involved.
The lessons learned from CJD drug-discovery efforts highlight the
importance of strain specificity in therapeutic development. Because
α-synuclein fibrils do not fully represent human conformations of
α-synuclein prions or differentiate between strains, current efforts
focused on developing therapeutics and diagnostics may not translate
into useful clinical tools. Instead, replication of MSA prions with high
fidelity following inoculation in TgM83+/− mice provides a unique
opportunity to evaluate the effect of a compound on human α-syn-
uclein prion propagation in vivo. The ability to propagate a disease-
relevant prion strain in cultured cells and Tg mice offers a significant
approach to synucleinopathy drug discovery.

Materials and Methods
Human Tissue Samples and Neuropathology. MSA patient samples were
obtained from the Massachusetts Alzheimer’s Disease Research Center Brain
Bank and were assessed to confirm the diagnosis of MSA. Fresh brains were

Fig. 4. α-Synuclein fibrils universally infect α-synu-
clein–YFP cells. WT and mutated (A30P, E46K, and
A53T) α-synuclein was fibrillized in 1× DPBS. Serial
dilutions of the fibrils, starting with 25 μg/mL protein,
were incubated with the nine α-synuclein−YFP cell
lines for 4 d. While WT fibrils were the most infectious
across seven of the cell lines, the E46K fibrils were the
most infectious in the α-syn140*E46K−YFP and
α-syn140*E46K,A53T−YFP cell lines. Data are shown as
mean.

Table 1. The E46K mutation in α-synuclein prevents propagation of MSA prions, but lysines 96 and 97 are required to stabilize the
MSA conformation

Sample WT A30P E46K A53T A30P,A53T E46K,A53T 1-95*A53T 1-97*A53T 29-97*A53T

Control samples − − − − − − − − −
MSA prions + + − + + − − + +
MSA prions → M83+/− mice + + − + + − − + +
MSA prions → α-syn−YFP cells + + − + + − − + +
MSA prions → α-syn−YFP cells → M83+/− mice + + − + + − − + +
WT fibrils + + + + + + + + +
A30P fibrils + + + + + + + + +
E46K fibrils + + + + + + + + +
A53T fibrils + + + + + + + + +
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dissected down the midline. One half was fixed in 10% (vol/vol) neutral
buffered formalin and coronally sectioned, and the other half was coronally
sectioned before rapid freezing. The fixed tissue was evaluated histologically
using a set of blocked regions representative of a variety of neurodegenera-
tive diseases. All blocks were stained with Luxol fast blue and H&E. Selected
blocks were immunostained for α-synuclein, β-amyloid, and phosphorylated
tau. A confirmed MSA diagnosis required the presence of GCIs (29). Control
tissue was provided by Martin Ingelsson, Uppsala University, Uppsala, Sweden.

Mice. Animals were maintained in an Association for Assessment and Ac-
creditation of Laboratory Animal Care International-accredited facility in ac-
cordance with the Guide for the Care and Use of Laboratory Animals (30). All
procedures for animal use were approved by the University of California, San
Francisco’s Institutional Animal Care and Use Committee. All animals were
maintained under standard environmental conditions with a 12:12-h light:
dark cycle and free access to food and water. To generate the hemizygous
TgM83+/− mice, homozygous TgM83+/+ mice (22), which express mutated hu-
man α-synuclein (A53T) on a B6;C3 background, were purchased from the
Jackson Laboratory and were bred with B6C3F1 mice.

Cell Line Development and Lysate Production. Generation of α-syn140−YFP
and α-syn140*A53T−YFP cells was previously reported (4). Identical methods
were used to develop the additional α-synuclein−YFP cell lines described here.

Monoclonal subclones stably propagating α-synuclein prions following
infection with the MSA14 patient sample were generated by isolating
α-syn140*A53T−YFP cells by limiting dilution of a polyclonal cell population
in 384-well plates. This resulted in the production of clones MSA14-11 and
MSA14-12. However, cells expressing full-length synuclein poorly maintained
infection. To produce a monoclonal cell line with improved stability, lysate from
the previously reported clone MSA14-5 (4) was used to infect α-syn95*A53T−YFP
cells, which had poor infection efficiency but produced enough infected cells to
develop clone MSA14-M1 via limiting dilution in 384-well plates.

Cell lysates were prepared by harvesting the cells in 1× protease inhibitor
(Sigma) diluted in calcium- and magnesium-free 1× Dulbecco’s PBS (DPBS). Cell
scrapers were used to detach cells from the flask. The resulting cell suspension
was placed in sterile conical tubes and frozen at −80 °C overnight. Lysates were
thawed quickly at 37 °C and were centrifuged at 500 × g for 5 min, and the
supernatant was collected. The samples were then centrifuged at 1,000 × g for
5 min, and the protein concentration of the supernatant was determined using
the bicinchoninic acid (BCA) assay (Pierce).

Fibril Formation. Recombinant α-synuclein monomers (WT, A30P, E46K, and
A53T; Sigma) were prepared as previously reported (4). Briefly, protein was

suspended in 1× DPBS (concentration of 5 mg/mL) and incubated at 37 °C
with constant agitation (1,200 rpm) in an orbital shaker for 7 d. Fibrils were
diluted with 1× DPBS to 0.5 mg/mL and stored at 4 °C.

Cell Aggregation Assay. HEK293T cells expressing α-syn140*A53T–YFP were
previously reported, and culture and assay conditions were used as described
(4). Briefly, α-syn140*A53T–YFP cells were cultured and plated in 1× DMEM
supplemented with 10% (vol/vol) FBS, 50 units/mL penicillin, and 50 μg/mL
streptomycin (Thermo Fisher). Cells were maintained in a humidified at-
mosphere of 5% CO2 at 37 °C. To determine transmission of α-synuclein
prions to TgM83+/− mice, α-syn140*A53T–YFP cells were plated at a density
of 2,500 cells per well in a 384-well plate with black polystyrene walls
(Greiner) with 0.012 μg per well of Hoechst 33342. Plates were returned to
the incubator for 2–4 h. Lipofectamine 2000 (1.5% final volume; Thermo
Fisher) was incubated with each sample for 1.5 h at room temperature be-
fore adding OptiMEM (78.5% final volume; Thermo Fisher). Samples were
then added to the α-syn140*A53T–YFP cells in six replicate wells. After the
plates were incubated for 4 d at 37 °C in a humidified atmosphere with 5%
CO2, individual plates were imaged using the IN Cell Analyzer 6000 cell-
imaging system (GE Healthcare). DAPI and FITC channels were used to col-
lect two images from five different regions in each well. Raw images were
analyzed with the IN Cell Developer software (GE Healthcare) using an al-
gorithm designed to detect intracellular aggregates using pixel intensity and
size thresholds in living cells, quantified as total fluorescence per cell ×103 a.u.

Similar plating conditions were used to compare cell infection using hu-
man, mouse-passaged, cell-passaged, and lysate-passaged samples with
α-synuclein fibrils. Cells were plated at a cell density of 3,000 cells per well
(α-syn140*A53T−YFP), 3,500 cells per well (α-syn140−YFP, α-syn140*E46K−
YFP, α-syn140*KT−YFP, and α-syn95*A53T−YFP), or 4,000 cells per well
(α-syn140*A30P−YFP, α-syn140*PT−YFP, α-syn97*A53T−YFP, and α-syn29-
97*A53T−YFP). Human and mouse samples were diluted 1:10 in 1× DPBS.
Lysate samples were plated at a final concentration of 0.1 μg protein per
well. Fibrils were first diluted to a final concentration of 25 μg/mL, and seven
additional half-log dilutions were also prepared in 1× DPBS.
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