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Emerging evidence strongly suggests that chaperone proteins are
cytoprotective in neurodegenerative proteinopathies involving pro-
tein aggregation; for example, in the accumulation of aggregated
a-synudlein into the Lewy bodies present in Parkinson’s disease. Of
the various chaperones known to be associated with neurodegener-
ative disease, the small secretory chaperone known as proSAAS
(named after four residues in the amino terminal region) has many
attractive properties. We show here that proSAAS, widely expressed
in neurons throughout the brain, is associated with aggregated syn-
uclein deposits in the substantia nigra of patients with Parkinson’s
disease. Recombinant proSAAS potently inhibits the fibrillation of
a-synuclein in an in vitro assay; residues 158-180, containing a largely
conserved element, are critical to this bioactivity. ProSAAS also ex-
hibits a neuroprotective function; proSAAS-encoding lentivirus blocks
a-synuclein-induced cytotoxicity in primary cultures of nigral dopami-
nergic neurons, and recombinant proSAAS blocks a-synuclein-induced
cytotoxicity in SH-SY5Y cells. Four independent proteomics studies
have previously identified proSAAS as a potential cerebrospinal fluid
biomarker in various neurodegenerative diseases. Coupled with prior
work showing that proSAAS blocks p-amyloid aggregation into fibrils,
this study supports the idea that neuronal proSAAS plays an impor-
tant role in proteostatic processes. ProSAAS thus represents a possible
therapeutic target in neurodegenerative disease.
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Defects in neuronal proteostasis are at the center of a complex
cause and effect cycle of neurodegenerative disease (reviewed
in refs. 1-3). For example, in Parkinson’s disease (PD), aberrant
aggregation of the protein a-synuclein is thought to promote the
production of toxic species, leading to repeated cycles of cellular
toxicity (4). The neuropathological hallmark of PD is the presence
of Lewy bodies, intracellular protein inclusions of which the main
component is a-synuclein (5). Lewy bodies have also been found to
contain various molecular chaperones: Hsp27, Hsp70 (6), clusterin
(7), torsin A (6), and oB-crystallin (8). Protein chaperones support
proteostasis in promoting proper protein folding, blocking aggre-
gation, and facilitating the destruction of malformed proteins
(9-11). There is increasing support for the idea that protein chap-
erones play an important role in the formation, deaggregation, and
disposition of abnormal cellular aggregates in neurodegenerative
disease (recently reviewed in refs. 2, 12, and 13).

The small secretory protein known as proSAAS (named after four
residues in the amino terminal region) was originally discovered as
an abundant peptide precursor in an unbiased mass spectrometric
screen of brain peptides (14). Mammalian proSAAS, which is not
glycosylated or phosphorylated (14), undergoes proteolytic cleavage
at several pairs of basic residues, leaving a core region intact (15,
16); recent evidence shows that several processed peptides func-
tion as neuropeptides with specific receptors (17, 18). ProSAAS is
expressed almost exclusively in neurons and neuroendocrine and
endocrine cells, and it appears to be restricted to vertebrates (19—
22). Although the C-terminal domain of proSAAS potently inhibits
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the proprotein convertase PC1/3 (23, 24), proSAAS distribution
within the brain is far wider than that of PC1/3 (20, 21). ProSAAS
and PC1/3 expression are also not coregulated (25, 26), supporting a
broader array of neuronal functions for proSAAS beyond its in-
teraction with PC1/3.

Interestingly, the proSAAS protein has been increasingly asso-
ciated with the presence of neurodegenerative disease. Immuno-
reactive proSAAS has been identified in neurofibrillary tangles
and plaques in brain tissue from patients with Alzheimer’s disease,
Pick’s disease, and Parkinsonism—dementia complex (27, 28). In
addition, four independent proteomic studies have found reduced
levels of proSAAS-derived peptides in cerebrospinal fluid from
patients with Alzheimer’s disease (29-31) and frontotemporal
dementia (32), suggesting possible brain sequestration. Recombi-
nant proSAAS blocks A4, fibrillation in vitro, and proSAAS
expression prevents the neurotoxic effects of Afy 4, in cultured
Neuro2A cells (33). Taken together, these data strongly suggest
that the proSAAS sequence may contain specific elements that
function as secretory antiaggregants in neurodegenerative disease.
Given that proSAAS is a secretory protein, whether proSAAS
could also function as an antiaggregant for cytosolic proteins
prone to aggregation—such as a-synuclein—is not clear.

Significance

Aberrant protein homeostasis (proteostasis) is increasingly rec-
ognized as a major causal factor in the development of protein
aggregates, including aggregation of a-synuclein in Parkinson’s
disease. Cellular proteins known as chaperones control proteo-
static processes and are strongly associated with many different
neurodegenerative diseases. We show here that an abundant
brain- and endocrine-specific secretory chaperone known as
proSAAS (named after four residues in the amino terminal re-
gion) exhibits potent antiaggregant effects on a-synuclein ag-
gregation, and we identify a region of the protein that is
necessary for this antiaggregant effect. We further show that
proSAAS expression is able to stop a-synuclein from killing
dopaminergic cells in a nigral cell model of Parkinson'’s disease.
This work demonstrates an important role for the proSAAS
protein in blocking aggregation in neurodegeneration.
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In the study described below, we demonstrate that proSAAS is
indeed a potent antiaggregant for a-synuclein, blocking its neuro-
toxicity; we show its association with Lewy bodies in the substantia
nigra (SN) of patients with PD; and we identify a peptide region
that is critical to its antifibrillation effect.

Results

ProSAAS Colocalizes with a-Synuclein-Rich Lewy Bodies Within the
Human Substantia Nigra. To determine whether proSAAS localizes
to Lewy bodies, we examined a human brain slice containing the
SN from a patient with PD compared with a healthy control
sample. In the healthy brain, proSAAS-immunoreactivity (ir) was
diffusely distributed throughout the SN, with few incidences of
punctate proSAAS-ir (Fig. 1 4 and B). By contrast, in the sample
from the patient with PD, proSAAS-ir was found in large con-
centrations throughout the SN (Fig. 1 C and D). These regions of
high proSAAS-ir correlate with a-synuclein-ir. The a-synuclein-ir is
found in cells that are stained by anti-MAP2 antibody, a marker for
neuronal cell bodies and dendrites (Fig. 1E). Further, these regions
of high a-synuclein-ir correspond to protein aggregates, as they
colocalize with both p62, a marker for polyubiquitinated aggregates
in Lewy bodies (Fig. 1F), and the aggregation-specific a-synuclein
antibody 5G4 (Fig. 1G). Similar results were obtained using two
other fixed samples of PD and control SN tissue obtained from the
NIH NeuroBioBank [University of Maryland, Baltimore (UMB)];
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Fig. 1. Distribution of proSAAS immunoreactivity in control and PD SN.
(A and C) Gross pathology of one representative healthy control (A) and PD
case (C), demonstrating depigmentation of the SN compared with non-
diseased control. (B) Immunohistochemical detection of a-synuclein revealed
no significant deposits in the control samples. ProSAAS-ir (red) was detected
throughout the extent of the human mesencephalon at the level of the SN.
(D) Lewy bodies were detected within the SN in the PD patient sample. Low
magnification images provide an overview of a-synuclein-ir deposits in Lewy
bodies (green) and proSAAS expression (red). High magnification images of a
representative Lewy body within the SN confirm a high degree of colocaliza-
tion of proSAAS-ir with a-synuclein-ir. (E) Neuronal expression of a-synuclein
within Lewy bodies was confirmed by colocalization of a-synuclein (green)
with neuron-specific cytoskeletal protein MAP2 (red). (F) Colocalization of
a-synuclein (green) with p62, a protein that colocalizes with ubiquitinated
protein aggregates, indicates proteinopathy within Lewy bodies. (G) proSAAS
(red) is associated with a-synuclein aggregates within Lewy bodies as detected
by the antiaggregation-specific a-synuclein antibody 5G4 (green). [Scale bar:
(A and C) 5 um; (B and D) low, 1,000 pm; mid, 40 um; and high, 20 pm.]
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Fig. S1 shows data from a second set of donors, as well as staining
validation through the use of other proSAAS antisera.

ProSAAS Dose-Dependently Inhibits «-Synuclein Fibril Formation. As
proSAAS immunoreactivity was found to colocalize with Lewy
body a-synuclein, we next sought to determine if recombinant
proSAAS might affect a-synuclein fibrillation. Highly purified
a-synuclein was incubated with varying concentrations of purified
recombinant 21-kDa proSAAS (proSAAS 1-180) (Fig. 24), the
proSAAS domain preceding the second furin consensus cleavage
site at residues 181-184 (14); this site is known to be quantitatively
cleaved in vivo (15, 16). The effect of proSAAS on a-synuclein
fibrillation was determined by monitoring the fluorescence in-
tensity of thioflavin T (ThT), a fluorescent dye that increases in
emission by several orders of magnitude after binding to amyloid
fibrils (34). Within a given experiment, the half-time for fibrillation
of a-synuclein alone, with a negative control protein (carbonic
anhydrase) or varying concentrations of proSAAS (0.1-3.0 pM)
ranged between 57 and 67 h (Fig. 24). At ~125 h, ThT fluores-
cence began to level off for all conditions. The total amount of
fibrillation in wells treated with 1.0 uM or higher concentrations of
proSAAS was significantly decreased compared with a-synuclein
treated with buffer only, or to a-synuclein treated with the globular
control protein carbonic anhydrase (chosen on the basis of similar
size) (P < 0.005, two-way ANOVA). Of note, a-synuclein was
present at a concentration of 70 uM; the effective protection ratio
of proSAAS is therefore 1:70 proSAAS:a-synuclein. Interestingly,
increasing concentrations of proSAAS appeared to change the
kinetics of a-synuclein fibrillation by decreasing lag time (2.0 and
3.0 uM proSAAS, 40 h, P < 0.05).

We next tested whether proSAAS addition could affect preformed
fibrils. Purified proSAAS or carbonic anhydrase was added at a 2-uM
final concentration to fibrils in fibrillation assays that had plateaued.
ProSAAS addition did not cause a decrease in ThT fluorescence [not
significant (n.s.), P > 0.05] relative to preaddition levels or to the
carbonic anhydrase control (Fig. 2B), indicating that proSAAS does
not function as a disaggregase, nor does it displace ThT binding.

ProSAAS Residues 97-180 Are Sufficient to Prevent «a-Synuclein
Aggregation; Residues 158-180 Are Critical. Various truncated pro-
teins were tested for potency against a-synuclein fibrillation. Trun-
cation constructs were designed based on the predicted secondary
structure (Fig. 34). ProSAAS truncated variants were purified and
subjected to the a-synuclein fibrillation assay (Fig. 3 B and C).
Deletion of the N-terminal-most region of proSAAS had no effect
on the potency of proSAAS against a-synuclein fibrillation (Fig.
3C), as 2.0 pM of proSAAS 1-180 and 97-180 were equally effective
at preventing a-synuclein fibrillation (P < 0.001). The deletion con-
struct proSAAS 62-180 was more effective in blocking a-synuclein
fibrillation than either 1-180 or 97-180; this may be due to its im-
proved solubility. In contrast, deletion of amino acids 158-180
strongly reduced the protective effect of proSAAS on a-synuclein
fibrillation (Fig. 3C), demonstrating that this relatively conserved
region (22) is critical to its antiaggregant properties. The known lens
chaperone a-crystallin (2 pM) was used as a positive control. In
separate experiments, the final product of fibrillation was assessed
by centrifugation and SDS/PAGE to determine extent of fibril-
lation. In these experiments, the majority of a-synuclein remained
in the supernatant for both proSAAS 1-180 and a-crystallin, but
proSAAS 1-157 caused the majority of a-synuclein to pellet (Fig. 3
D and E).

ProSAAS Does Not Protect Against Intracellular Oligomerization of
a-Synuclein in Cell Culture. A growing consensus in PD pathology
indicates that the smaller oligomers rather than the larger aggre-
gates represent the toxic species of misfolded a-synuclein (4). To
test the ability of proSAAS to block the initial oligomerization of
a-synuclein, we used a cell-based split-Venus complementation
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Fig. 2. ProSAAS blocks the fibrillation of a-synuclein in a dose-dependent manner. (A) a-Synuclein (70 pM) was subjected to fibrillating conditions in the presence
of vehicle; a negative control protein, carbonic anhydrase (1 uM); or increasing concentrations of 21-kDa proSAAS (0.1, 0.5, 1.0, 2.0, and 3.0 uM). Each point is
represented by the mean + SEM, n = 6. (***P < 0.001, two-way ANOVA, vs. vehicle-only control). (B) Addition of proSAAS (1 uM) or the negative control protein
carbonic anhydrase (1 pM) to preformed fibrils does not disrupt fibrils. ProSAAS or carbonic anhydrase were added to wells of fibrillated a-synuclein after fi-
brillation had leveled off at 172 h; fibrillation was monitored for an additional 72 h. There was no change in ThT fluorescence in either condition (n.s. P > 0.05,

two-way ANOVA). Each point represents the mean + SEM, n = 4.

assay (35, 36) and quantified oligomerization in SH-SY5Y cells.
Importantly, this assay may not distinguish between native or mis-
folded oligomers, although the maturation time required to form
the Venus fluorophore suggests that a very stable interaction is
required, on the order of hours (37). Cells that were transiently
transfected with both halves of the split-Venus a-synuclein con-
structs and cultured in media with added buffer, 1 pM ovalbumin, or
1 pM proSAAS for 24 h, showed an increased level of Venus fluo-
rescence compared with cells transfected with LacZ-encoding con-
structs (Fig. 44). Unexpectedly, the total levels of Venus fluorescence
were significantly increased in wells treated with proSAAS compared
with those treated with buffer or ovalbumin (P < 0.05). However,
when individual cells on coverslips were analyzed by confocal mi-
croscopy, there was no significant difference in fluorescence levels
between treatment conditions. These data suggest that the increase in
total well fluorescence is due to changes in cell number rather than
changes in a-synuclein oligomerization. When plate data were cor-
rected for cell number using the water-soluble tetrazolium (WST1)
cell proliferation assay, no differences were seen in the level of in-
tracellular Venus fluorescence (Fig. 4B), indicating that added
recombinant proSAAS does not affect intracellular synuclein oligo-
merization. This difference disappeared when cell expression of
a-synuclein was lower and cell death was not observed, in which case
cells incubated with proSAAS showed equal fluorescence to vehicle-
treated cells (Fig. 4C). When cells were treated with the positive
control (50 nM geldanamycin, an HSP90 inhibitor), the total Venus
fluorescence was decreased to background levels.

ProSAAS Provides Protection Against a-Synuclein—-Induced Cytotoxicity
in SH-SY5Y Cells and Rat Primary Dopaminergic Nigral Cell Cultures. We
then directly tested whether recombinant proSAAS can block
a-synuclein—induced cytotoxicity in a cell culture overexpression
system. SH-SYS5Y neuroblastoma cells, which represent a dopa-
minergic cell model (38), were transfected with the complementary
a-synuclein expression vectors discussed above or a control LacZ
vector, split into wells of a 96-well plate, and grown in the presence
of either a buffer-only control, 1 pM ovalbumin control, or 1 pM
21-kDa proSAAS. After 48 h, the percentage of surviving cells was
calculated using the WST1 assay (Fig. 54). a-Synuclein—transfected
cells treated with a buffer control or ovalbumin showed a signifi-
cant decrease in survival rates to 80% compared with LacZ-
transfected controls (P < 0.001). When a-synuclein—exposed cells
were treated with proSAAS, survival rates increased to 90% of the
LacZ controls (P < 0.01), significantly higher than cells treated with
only buffer or with the control protein ovalbumin (P < 0.05).

E4710 | www.pnas.org/cgi/doi/10.1073/pnas.1601091113

Tunicamycin-induced cell death was not affected by proSAAS
addition (Fig. S24), nor was H,O,-induced cell death affected (Fig.
S2B), indicating that proSAAS-mediated rescue is specific for
a-synuclein-mediated cytotoxicity.

We next asked whether proSAAS could reduce the cytotoxicity
associated with virally mediated a-synuclein overexpression in pri-
mary nigral cell cultures plated on a glial bed. Lentiviral proSAAS
expression, rather than purified protein, was used to ensure a high
level of proSAAS expression throughout the 7-d-long experiment.
Primary cultures of 1- to 3-d postnatal rat substantia nigra
(SN) were infected with a-synuclein—encoding adeno-associ-
ated virus (AAV), before plating (3 pL of 1 x 10'? transforming
units per milliliter of AAV2/1), alone or in the presence of 3 pL of
either proSAAS-encoding or eGFP-encoding lentivirus (4.2 x 10'°
and 3.3 x 10'° copies per milliliter, respectively). Virus was added
before plating on the glial bed to minimize dilution to the feeder
layer. The number of surviving dopaminergic neurons (which we
have previously shown make up ~5% of total neurons in our nigral
cultures) was determined by tyrosine hydroxylase (TH) staining
7 d later. Control conditions included untreated cultures, cultures
infected with GFP-encoding AAV alone, and cultures treated with
proSAAS-encoding lentivirus alone. One-way ANOVA revealed a
significant effect of treatment group (Fss = 4.56, P < 0.005). Fur-
ther analysis of differences between groups was conducted using
Student’s ¢ test on planned comparisons. Cultures infected with
a-synuclein—encoding AAV had significantly fewer TH* cells com-
pared with those infected with GFP-AAV (P = 0.025), demon-
strating the expected toxicity of a-synuclein (Fig. 5B). This effect of
a-synuclein was prevented in cultures simultaneously infected with
proSAAS- but not eGFP-encoding lentivirus (P = 0.04) (Fig.
5B). Neither proSAAS-encoding lentivirus nor GFP-encoding
AAYV had any significant effect alone, compared with untreated
cultures (Fig. 5B). The reproducibility and dose dependency of
this proSAAS effect was assessed in a separate experiment (Fig.
5C). Again, the overall effect of treatment group in this experi-
ment was demonstrated by one-way ANOVA (F4,0 = 10.82, P <
0.0001), and individual group differences were assessed by ¢ test.
In this case, a-synuclein expression more strongly reduced the
number of surviving TH* neurons compared with untreated cul-
tures (P = 0.0004). This effect was significantly attenuated by si-
multaneous application of proSAAS-encoding lentivirus at doses
of both 3 pL and 1 pL of 4.2 x 10" copies per milliliter (P =
0.0005 and P = 0.01, respectively). The number of surviving TH*
cells was significantly different between the two doses (P = 0.04).
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Fig. 3. Structure—function analysis of proSAAS on blockade of a-synuclein
fibrillation reveals residues 158-180 are a critical determinant. (A) lllustration
of proSAAS predicted secondary structure and notable features. a-Helices are
in red, furin cleavage sites are shown in yellow, and known peptides are
depicted in pink. (B) Diagram of His-tagged proSAAS deletion constructs. (C) A
representative experiment of a-synuclein fibrillation inhibition by 21-kDa
proSAAS and various proSAAS truncated proteins (proSAAS 1-157, 62-180,
and 97-180). Each point is represented by the mean + SEM, (***P < 0.001, two-
way ANOVA, Bonferroni posttests compared with carbonic anhydrase control,
n = 6 for each condition). (D) Coomassie gel of the supernatant (S) and pellet
(P) fractions after centrifugation of plateaued fibrillating synuclein incubated
either with proSAAS 1-180, proSAAS 1-157, or a-crystallin. (E) Quantification
of the ratios between the supernatant and pellet fractions of two in-
dependent replicates (mean + SEM). Corresponding average ThT values are
marked in red (Right y axis). ThT fluorescence is shown as 1 x 1072,

These primary cell data provide additional support for the idea
that proSAAS is cytoprotective against a-synuclein cytotoxicity.

Discussion

Chaperone proteins are increasingly recognized as important
contributors to neuronal proteostasis (10, 12). Overexpression or
exogenous addition of a variety of chaperone proteins is efficacious
in delaying or preventing amyloid fibril generation both in in vitro
and, more recently, in vivo models of various amyloidogenic dis-
eases (39-41). However, the chaperones tested to date are ubig-
uitously expressed, and thus far no neuron-specific chaperone
protein has been shown to have antiaggregant activity against
amyloidogenic diseases such as PD. Because neurons are known
to be particularly susceptible to secretory stress (42), neurally
expressed chaperones are particularly well suited to play unique
roles in neurodegenerative disease. In this report, we provide
evidence that the neural protein proSAAS represents a potent
antiaggregant chaperone against a-synuclein.

Jarvela et al.

ProSAAS Is Diffusely Expressed in Neurons in Nondiseased Controls
and Colocalizes with Lewy Bodies in PD. ProSAAS is a small secreted
protein that is widely expressed within neurons, neuroendocrine
cells, and endocrine cells (20, 21). ProSAAS is unusually abundant
within the brain: the NIH GEO Profiles database indicates that
proSAAS mRNA is in the top 1% of brain messages. Our
immunohistochemical data show that normal human SN ex-
hibits diffuse neuronal proSAAS staining. However, in nigral sec-
tions obtained from three different patients with PD, proSAAS
staining was concentrated within Lewy bodies, suggesting possi-
ble cosequestration with a-synuclein during the a-synuclein ag-
gregation process.

We found that recombinant proSAAS is a potent a-synuclein
antiaggregant in vitro, blocking the production of fibrils even at a
highly substoichiometric molar ratio of 1:70 proSAAS to a-synu-
clein. ProSAAS was previously shown to be effective at blocking
AP;_4; fibrillation at an effective ratio of 1:22 proSAAS:AB;_4 (33)
and also blocks the aggregation of human islet B-cell peptide islet
amyloid polypeptide (43). Other protein chaperones such as Hsp70
(44, 45) and CsgC (46) have been used at molar ratio, 1:10
chaperone:a-synuclein. Like other non-ATP-dependent chaper-
ones (47), proSAAS cannot disaggregate preformed fibrils, either
of a-synuclein (Fig. 2B) or A4, (33). Interestingly, the addition
of higher concentrations of proSAAS resulted in a small but sig-
nificant decrease in lag time and 7'1/2 of the fibrillation reaction
(Fig. 24, 2 pM and above concentrations). We speculate that at
high concentrations, proSAAS may lower lag time by diverting the
fibrillation reaction to a nonfibrillar aggregative process; EM
analysis could confirm this idea. Taken together, these data show
that proSAAS is a highly effective protein chaperone that can
prevent the fibrillation of aggregation-prone proteins, but cannot
disaggregate already-formed fibrils.

ProSAAS Structure-Function Studies: Importance of Residues 158-180.
ProSAAS was originally identified as a neuroendocrine peptide
precursor (14) and is known to be naturally cleaved at two internal
furin consensus sites as well as at several pairs of basic residues
within its N- and C-terminal regions to generate bioactive peptides,
leaving an internal unprocessed core (15, 16). Whereas mammals
show >85% overall primary sequence conservation of proSAAS,
conservation greatly decreases in nonmammalian vertebrates;
Xenopus and zebrafish proSAAS exhibit only 29% and 30% overall
identity with mouse proSAAS (22). Various secondary structure
prediction algorithms support the likely presence of several short
a-helices as well as a coiled-coil domain (Fig. 34). Four stretches of
moderate sequence conservation are apparent, with two forming
parts of predicted o-helices. When we removed the conserved,
carboxy-most a-helix from 21-kDa proSAAS (an abundant species
naturally produced by cleavage at the second furin consensus site
(residue 184) (15, 48), the protein lost its ability to block the
fibrillation of a-synuclein. This finding suggests that this helix,
ELLRYLLGRIL (Fig. S3) (residues 158-169 within mouse
proSAAS) plays an important role in the chaperone activity of
proSAAS. The fact that a well-conserved region within proSAAS
(the 158-180 segment) is critical to its a-synuclein antifibrillation
action supports the idea that this region is essential to its chaperone
function.

What Is the Mechanism of proSAAS Protection Against «-Synuclein
Cytotoxicity? At first glance, proSAAS does not appear to be a
likely candidate to provide protection against a-synuclein—induced
cytotoxicity. ProSAAS is a secreted protein that normally resides
within the secretory pathway and/or extracellular space. By con-
trast, a-synuclein is a cytosolic protein, enriched at cytosol/mem-
brane interfaces (49). However, a-synuclein has been identified in
extracellular fluids in patients with PD and normal subjects (50-53).
Further, extracellular secretion of a-synuclein is increased under
conditions of cellular stress (54); and a-synuclein can also be
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Fig. 4. Recombinant proSAAS does not block intracellular a-synuclein oligomerization. (A) Wells containing proSAAS-treated, a-synuclein—expressing cells
show a significant increase in total Venus fluorescence over cells treated with ovalbumin or buffer. SH-SY5Y cells were transfected with either split Venus—
a-synuclein cDNAs or pcDNA3.1-LacZ (negative control); buffer, proSAAS, or ovalbumin were added 48 h later, and Venus fluorescence was then measured
(mean + SEM, n = 3 independent experiments, more than six replicates in each experimental condition). Statistical significance was determined with one-way
ANOVA analysis (F = 41.98) and Tukey’s post hoc test. (B) Normalization of fluorescence to cell number. Once Venus fluorescence is normalized to the total
number of living cells, the differences between proSAAS and buffer/ovalbumin negative controls are eliminated (mean + SEM, n = 3 independent experiments,
more than six replicates in each experimental condition). One-way ANOVA analysis (F = 29.20) and Tukey's post hoc test. (C) Venus fluoresecence at lower
synuclein expression levels shows no difference between vehicle- and proSAAS-treated wells. Cells were transfected with both split-Venus constructs (V1 + V2).
When treated with 50 nM geldanamycin, Venus fluorescence remained at background levels, comparable to LacZ- or V2-only transfected cells. ***P < 0.001,
**P < 0.01, *P < 0.05, n.s. P> 0.05.

released in a calcium-dependent manner via exosomes (55). Both  ineffective at blocking intracellular oligomerization of a-synuclein
monomeric and oligomeric forms of a-synuclein are present within  overexpressed in cell culture, as indicated by its lack of disruption of
vesicles and have been found extracellularly (56). We speculate that  split-Venus a-synuclein complementation (note that the addition
secreted proSAAS may interact with a-synuclein secreted into the  of the HSP90 inhibitor geldanamycin successfully reduced Venus
extracellular space, where its concentration has been estimated to  fluorescence (Fig. 4C), suggesting that complementation fluores-
be subnanomolar (57). Extrapolation of published wet weight data  cence indeed arose from misfolded a-synuclein oligomers rather
indicates that brain concentrations of proSAAS range from than from the formation of native tetramers). Additional work is
0.01 pM (cerebellum) to 0.5 pM (hypothalamus) (15, 48), sup-  necessary to determine the initial site of the proSAAS-synuclein
porting the idea of effective extracellular concentrations for this  interaction, for example, by determining whether secretion
chaperone. Because secreted a-synuclein can undergo endocytosis  of a-synuclein is required for cytoprotection and assessing
(58) and enter neighboring cells (59), this may represent the whether uptake of secreted a-synuclein and proSAAS can
pathway by which a putative proSAAS—a-synuclein complex enters  occur as a complex.

the cell, generating the colocalization that we observed in cells Although the fact that tunicamycin- or hydrogen peroxide-
within the substantia nigra of a patient with PD (Fig. 1). This idea  mediated cytotoxicity was not affected by proSAAS addition
is supported by our finding that externally added recombinant  supports the specificity of proSAAS-mediated protection for
proSAAS can be internalized (Fig. S4). However, proSAAS was  a-synuclein—-induced cytotoxicity, the physiological mechanism
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Fig. 5. ProSAAS blocks a-synuclein-induced cytotoxicity. (A) Addition of recombinant proSAAS blocks synuclein-mediated cytotoxicity in SH-SY5Y cells. Cells were
transfected with a-synuclein-encoding constructs, split into 96-well plates, and treated with recombinant proSAAS or the control proteins shown. There was no
significant difference between ovalbumin and buffer, but a significant difference exists between these two controls and all other conditions. **P < 0.01, *P < 0.05.
Percent survival was determined by normalizing WST1 absorbance in each group to LacZ buffer-only control. Statistical significance was determined with one-way
ANOVA analysis (F = 27.13) and Tukey’s post hoc test. Average of three experiments with n = 4 replicates in each experiment. (B) Infection of rat primary nigral
cells with a proSAAS-encoding lentivirus (3 uL of 4.2 x 10'° copies per milliliter) and (C) (1 or 3 pL of 4.2 x 10'° copies per milliliter) attenuates a-synuclein-induced
neurotoxicity in two independent experiments. The number of TH* cells is shown on the y axis. *P < 0.05.
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underlying proSAAS-mediated cytoprotection is not yet clear. The
exact process by which a-synuclein kills dopaminergic cells is un-
known, and it is likely that there are multiple contributing pathways.
Overexpressed and/or mutant a-synuclein forms are especially
toxic to dopaminergic cells (reviewed in ref. 60); indeed, previous
experiments in our laboratory have shown the cytotoxic effect of
viral-mediated a-synuclein to be selective to TH™ cells in the nigral
cultures. Oligomers are thought to represent the cytotoxic form
(61). Overexpression and/or oligomerization of a-synuclein causes
changes in membrane permeability (62), mitochondrial dysfunction
(63), disruptions in endoplasmic reticulum/Golgi trafficking (64),
lysosomal leakage (65), and impairment and inhibition of protea-
somes (66, 67). Our finding of substoichiometric blockade of
a-synuclein fibrillation, coupled with the demonstration of immu-
noreactive proSAAS within Lewy bodies, indicates that proSAAS
could function upstream of cytotoxic processes by interacting with
intracellular a-synuclein monomers in a transition state (68) that
would otherwise propagate toward toxic fibril formation, or by
interacting with oligomers to prevent further oligomerization, fi-
brillation, and cytotoxicity. However, as mentioned above, addition
of extracellular proSAAS was ineffective in blocking intracellular
a-synuclein oligomerization, although still attenuating cytotoxicity.
We speculate that proSAAS may bind only to secreted forms of
a-synuclein or bind to already-formed intracellular o-synuclein
oligomers, reducing further growth. Alternatively, proSAAS might
prevent the seeding of additional oligomers, perhaps through
blocking of hydrophobic patches necessary for fibril formation.
Once bound, proSAAS may blunt the toxic actions of a-synuclein
in much the same way that antibody fragments against a-synuclein
are able to prevent cytotoxicity (69).

In summary, we have here shown that the neurally expressed
proSAAS chaperone is a potent antiaggregation agent that blocks
a-synuclein fibrillation at very low molar ratios. Excess proSAAS,
either delivered by increased synthesis/secretion (in primary nigral
cells) or by addition of recombinant protein to growth media (in
SH-SYSY cells) provides specific protection against a-synuclein—
mediated neurotoxicity. The present data support the idea that
neuronal proSAAS plays an important chaperone role in protein
aggregation in neurodegenerative disease and identify proSAAS as
a potential therapeutic target in PD.

Materials and Methods

Reagents. The split-Venus a-synuclein constructs were made as described in ref.
39. Prokaryotic expression vectors containing mouse proSAAS 1-180, 62-180,
and 97-180 were described previously (33). The pET45 proSAAS 1-157 con-
struct was generated by GenScript by the insertion of a stop codon after nu-
cleotide 471 in the insert (cctgacgtggaccctTAAgagctgc). a-Synuclein was
purified according to procedures described previously (70), resuspended in
water, filtered through a 0.22-um syringe filter, and adjusted to a final con-
centration of 5 mg/mL. ProSAAS-encoding lentivirus (mouse) was prepared by
GeneCopoeia, as previously described (33). The rabbit proSAAS antiserum,
LS45, was raised against recombinant His-tagged proSAAS 1-180 (33); a puri-
fied IgG preparation obtained through Protein A chromatography was used
here. This antiserum recognizes the various proSAAS truncated forms de-
scribed below by both Western blotting as well as by ELISA, and exhibits 30%
cross-reactivity with frog proSAAS (22). Antiserum LS45 has been previously
used to demonstrate proSAAS immunoreactivity in pancreatic islets (71) and
brains from patients with Alzheimer’s disease (29). Deidentified human
tissues were procured from the NIH NeuroBioBank. The University of
Maryland Institutional Review Board and the Department of Veterans Af-
fairs, Los Angeles obtained informed consent under preexisting protocols
of UMB and Sepulveda Research Corporation, respectively.

Immunohistochemistry. Fresh-frozen human midbrain tissue samples containing
the substantia nigra of a PD-affected male 75-y-old donor and non-PD-affected
control tissue of a male 83-y-old donor were obtained from the Human Brain
and Spinal Fluid Resource Center (managed by Sepulveda Research Corpora-
tion), a part of the NIH NeuroBioBank; data from these samples is shown in Fig. 1.
Formalin-fixed samples of a different PD-affected male 79-y-old donor and
non-PD-affected male 75-y-old control donor presented in Fig. S1 were received
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from the UMB Brain and Tissue Bank, also a part of NeuroBioBank. A third PD
sample (from UMB; also formalin fixed) was also analyzed, with similar results.
Coronal sections (20 pm) containing the SN were processed using a Thermo
Scientific NX70 cryostat, collected on polysine object slides (Fisher Scientific) and
(for fresh-frozen samples only) postfixed with 4% (wt/vol) paraformaldehyde
for 10 min. Sections were then transferred into blocking solution (BS) con-
taining 3% (wt/vol) BSA in 0.5% Triton X-100 in PBS (PBS-T) for 1 h to block
nonspecific reactions. Before immunofluorescence staining, potential lipofuscin
autofluorescence in the tissue sections was quenched using the TrueBlack Lipo-
fuscin Autofluorescence Quencher (Biotium). Where appropriate, sections were
then incubated with polyclonal rabbit anti-proSAAS protein A-purified 1gG
(LS45, 1:100 or 1:1,000) (33); antiserum LS44, 1:100 against SLSAASPLVETSTPLRL;
a similar anti-SAAS peptide antiserum obtained from L. D. Fricker (14) at
1:1,000; monoclonal mouse anti—a-synuclein (clone 211, 1:500; BD Biosciences
(72); mouse antiaggregated-o-synuclein (15G4, 1:500; Analytik Jena); polyclonal
rabbit anti-MAP2 (ab24640, 1:200; Abcam); or guinea pig anti-p62 IgG (GP62-C,
1:150; Progen) in PBS overnight (4 °C). Sections were rinsed briefly in PBS and
then incubated with the appropriate species-specific secondary antibodies
DyLight488 (1:200, DI-2488 anti-mouse IgG; Vector Laboratories) and
DyLight594 or Alexa Fluor 594 (1:200, DI-1594 anti-rabbit IgG; Vector Lab-
oratories or A11076 anti-guinea pig IgG; Invitrogen) in PBS containing DAPI
nuclear/DNA staining (5 ng/mL, D9542; Sigma-Aldrich) for 2 h at room
temperature. Sections were rinsed in PBS and coverslipped with Vectashield
mounting medium (Vector Laboratories). Fluorescence microscopy images were
obtained using a Zeiss Observer.Z1 microscope (Carl Zeiss) equipped with a
motorized stage. Low magnification overview images were generated with a
20x Plan-Apochromat objective (N.A. 0.8) followed by a computerized image
stitching with ZEN 2 software (Carl Zeiss). For z-stack high-magnification im-
aging, stacks were collected at 2-um intervals with a 63x Plan-Apochromat N.A.
1.4) objective using the same system, followed by deep focus postprocessing.
Anatomical localization of immunoreactivity within the mesencephalon was
annotated according to the Allen Human Brain Atlas (73) and Gray’s Anatomy
of the Human Body (30th Edition) (74).

Thioflavin T a-Synuclein Fibrillation Assay. The fibrillation of a-synuclein was
measured by monitoring the fluorescence of thioflavin T (ThT) (Sigma-Aldrich)
during incubation with proSAAS constructs and control proteins. A round
bottom 96-well polypropylene dish (Falcon) was used to incubate all samples.
Each well contained 100 pg a-synuclein, 10 pM ThT, 500 pM acetic acid, and PBS
(pH 7.4) to a final volume of 100 pL. For testing proSAAS deletion constructs,
50 pg a-synuclein was used per well. ProSAAS and control proteins were added
to the mixture at the concentrations noted in the figure legends in 5 mM acetic
acid, a polytetrafluoroethylene 3/32-inch bead (McMaster-Carr) was added to
each well, and foil-sealed plates were shaken in a rotary shaker at 300 rpm in a
37° incubator for the times indicated. Bottom-read fluorescence was measured
at the times indicated using a SpectraMAX M2 spectrophotometer with an
excitation peak at 450 nm and emission peak at 485 nm. Data were processed
using GraphPad PRISM 5. Representative experiments are shown; all experi-
ments were repeated at least twice with qualitatively similar results.

ProSAAS Purification. Plasmids encoding the various His-tagged proSAAS con-
structs were expressed in either XL1 Blue (proSAAS 62-180, 97-180) or BL21
(proSAAS 1-157, 1-180) bacteria. Bacterial cultures were incubated with shak-
ing at 37 °C until an Aggo of 0.6-0.8 was reached. Cultures were shifted to 26 °C
and induced with isopropyl p-p-1-thiogalactopyranoside (Sigma-Aldrich) to a
final concentration of 1 mM. Cultures were incubated with shaking overnight
for 16 h. Bacteria were pelleted and the protein harvested using Bugbuster
Protein Extraction Reagent (Millipore) according to the supplier’s instructions.
Clarified lysates were then applied to a 5-mL HisTrap HP column (GE Health-
care). The column was sequentially washed with 25 mL each of: 0.5 M Nadl,
20 mM Tris-HCI, 5 mM imidazole, pH 7.9; 0.5 M Nacl, 20 mM Tris-HCl, 60 mM
imidazole, pH 7.9, all at 4 mL/min at 4 °C, before being eluted into 3-mL frac-
tions with a total of 60 mL of 0.1 M NacCl, 20 mM Tris-HCl, and 1 M imidazole,
pH 7.9 at 2 mU/min. Samples of each fraction were analyzed by SDS/PAGE and
peak fractions were pooled and dialyzed into 3 L of ice-cold 0.1 M acetic acid
overnight. Samples were then concentrated in Amicon Ultra centrifugal filter
units (Millipore) with a 10-kDa molecular weight cut-off (MWCO) (proSAAS
1-180, 62-180, 1-157) or a 3-kDa MWCO (proSAAS 97-180) and resuspended
iteratively in 5 mM acetic acid, for an effective 1,000-fold dilution. Proteins were
centrifuged before use at 15,000 x g. Purified control proteins (ovalbumin,
carbonic anhydrase, and a-crystallin; all from Sigma-Aldrich) were also dissolved
in 5 mM acetic acid and adjusted to final working concentrations in this buffer.
All proteins were over 90% pure, as estimated visually after Coomassie staining
of 5 ug applied to Any kD SDS-polyacrylamide gels (Bio-Rad). Absorption at
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280 nm (using calculated extinction coefficients) and QuikStart Bradford (Bio-
Rad) protein assays were used to determine protein concentrations.

Split-YFP a-Synuclein Oligomerization Assay. SH-SY5Y cells were cultured in 50/50
DMEM/F12 media (HyClone; GE Healthcare) supplemented with 10% (vol/vol)
FBS (Atlanta Biologicals) and 1% penicillin-streptomycin. Cells were split into 10-cm
dishes and transfected with plasmids encoding split a-synuclein or control LacZ
plasmid (75), using Continuum transfection reagent (Gemini Bio Products)
following the manufacturer’'s protocol, with a DNA to transfection reagent
ratio of 0.5 pg DNA/1.0 pL Continuum. The a-synuclein constructs contained
the N-terminal half of Venus YFP fused with a-synuclein or the C-terminal half
of Venus YFP fused with a-synuclein, as described previously (75). After 14 h,
cells were split into a 96-well plate, and either proSAAS or ovalbumin was
added at 1 pM final concentration or the equivalent volume of 5 mM acetic
acid buffer (n = 8 for each condition). After 48 h, Venus fluorescence was
measured with an excitation wavelength of 488 nm and emission wavelength
of 540 nm with a cut-off at 530 nm using a SpectraMax M2 spectrophotometer
(Molecular Devices) and the SoftMaxPro program, followed by a cytotoxicity
measurement to normalize fluorescence to the number of living cells (see
below). Representative experiments are shown; all experiments were repeated
at least twice with qualitatively similar results.

SH-SY5Y Cytotoxicity Assay. For the a-synuclein toxicity assay, cells were
transfected and incubated as previously described (see above). After 48 h,
10 pL of WST1 reagent (Roche) was added to each well of a 96-well plate
and incubated for 3 h at 37 °C. The absorbance was then measured with a
SpectraMax M2 spectrophotometer at 450 nm. Background absorbance was
subtracted by calculating the absorbance at 650 nm. Where indicated,
tunicamycin (Sigma-Aldrich) in ethanol was added to a final concentration
of 5 pg/mL, concurrent with addition of either proSAAS to a final concen-
tration of 1 uM or an equal volume of 5 mM acetic acid vehicle. The final
concentration of ethanol never exceeded 1%. Where indicated, 100 pM
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H,0, was added with proSAAS or acetic acid as previously described. Rep-
resentative experiments are shown; all experiments were repeated at least
twice with qualitatively similar results.

Primary Nigral Cell Culture o-Synuclein Cytotoxicity Assay. Primary cultures
were prepared essentially as described by Sulzer et al. (76) with modifications
to isolate nigral rather than ventral tegmental area cells. Procedures for iso-
lation of brain tissue were approved by the University of California at Los
Angeles Animal Care and Use Committee. Briefly, cultures were prepared in
two stages. First, glia cultures were prepared from the cortex of 1- to 3-d-old
postnatal rat pups. After a week, substantia nigra from 1- to 3-d-old postnatal
rat pups were dissected and collected in cold phosphate buffer and digested in
papain at 32 °C with oxygenation for 2 h. The tissue was dissociated by gentle
trituration. The dissociated cells were incubated with combinations of AAV2/1
(3 pL of 1 x 10" transforming units per milliliter encoding a-synuclein or GFP,
and lentivirus encoding mouse proSAAS (33) or eGFP (1 or 3 pL of 4.2 x 10'°
copies per milliliter and 3.3 x 10" copies per milliliter, respectively), as de-
scribed in Results, for 30 min at 37 °C, 5% (vol/vol) CO,. Infected cells were plated
on the established cortical glia bedding and incubated at 37 °C, 5% (volivol) CO,
for 7 d. Cell cultures were fixed with 4% (wt/vol) paraformaldehyde for 15 min,
washed with PBS, and incubated with 5% (vol/vol) normal donkey serum for 2 h
at room temperature. Cells were labeled with 1:1,000 tyrosine hydroxylase an-
tibody (EMD Millipore) and incubated overnight at 4 °C. Alexa Fluor donkey anti-
rabbit secondary antibody (Invitrogen) was used at 1:1,000. Cell counts were
performed manually using a fluorescence microscope fitted with a 20x objective.
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