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Abstract

We tested the ability of alpha-synuclein (α-syn) to inhibit Snx3-retromer-mediated retrograde trafficking of Kex2 and Ste13
between late endosomes and the trans-Golgi network (TGN) using a Saccharomyces cerevisiae model of Parkinson’s disease.
Kex2 and Ste13 are a conserved, membrane-bound proprotein convertase and dipeptidyl aminopeptidase, respectively, that
process pro-α-factor and pro-killer toxin. Each of these proteins contains a cytosolic tail that binds to sorting nexin Snx3.
Using a combination of techniques, including fluorescence microscopy, western blotting and a yeast mating assay, we found
that α-syn disrupts Snx3-retromer trafficking of Kex2-GFP and GFP-Ste13 from the late endosome to the TGN, resulting in
these two proteins transiting to the vacuole by default. Using three α-syn variants (A53T, A30P, and α-syn�C, which lacks
residues 101–140), we further found that A53T and α-syn�C, but not A30P, reduce Snx3-retromer trafficking of Kex2-GFP,
which is likely to be due to weaker binding of A30P to membranes. Degradation of Kex2 and Ste13 in the vacuole should
result in the secretion of unprocessed, inactive forms of α-factor, which will reduce mating efficiency between MATa and
MATα cells. We found that wild-type α-syn but not A30P significantly inhibited the secretion of α-factor. Collectively, our
results support a model in which the membrane-binding ability of α-syn is necessary to disrupt Snx3-retromer retrograde
recycling of these two conserved endopeptidases.

Introduction
Parkinson’s disease (PD) is the second most common neurode-
generative disease and the most common movement disorder,
and the main risk factor is age (1). The disease is due to the
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progressive degeneration of the dopaminergic neurons in the
mid-brain, and the loss of dopamine leads to a constellation
of motor and non-motor symptoms. Inclusion bodies, called
Lewy bodies, form in the affected neurons, and their principal
component are the presynaptic protein alpha-synuclein (α-syn)
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(2,3). α-syn has been implicated in sporadic PD (3), and missense
mutations (4–8) or multiplications of the α-syn gene (9) cause
early-onset PD (10). Although the exact function of α-syn is
not known, the protein appears to regulate endocytosis and
exocytosis (11–14). Composed of only 140 amino acids, α-syn is a
structural chameleon: it is an unstructured monomer in solution
(15), an α-helical monomer when bound to membranes (16), a
soluble four helix bundle of monomers (17), soluble oligomeric
structures (18) and insoluble β-sheet amyloid fibers (19). Soluble
oligomeric species of α-syn likely kill cells by permeabilizing
organelles and vesicles (20,21).

Genetic studies of PD patients have implicated a defect in
endocytosis as a cause of some cases of early-onset PD. Specif-
ically, mutations in the conserved gene VPS35, which encodes a
component of the endocytic recycling complex called retromer,
occur in some patients with early-onset PD (22–24). Retromer is
a multimeric protein complex that sorts, exports, and retrieves
membrane-bound cargo proteins embedded in early endosomes
(25–27). Retromer is composed of two sub-complexes that coat
the cytosolic face of early endosomes (Fig. 1). The Vps26-Vps29-
Vps35 (hVps26, hVps29, hVps35 in humans) (28) trimer binds
cargo proteins, whereas the membrane-associated Vps5-Vps17
(Snx1 and Snx2 in humans) heterodimer deforms endosomes
into tubules (37,38). Vps5 and Vps17 are sorting nexins, each of
which contains a phox homology domain that selectively binds
to phosphatidylinositol 3′-phosphate (PI3P) (29) and a BIN/Am-
phiphysin/Rvs domain that senses membrane curvature and
remodels endosomes into tubules (30). Upon endocytosis of a cell
surface receptor, to prevent the endosomes and receptors from
trafficking to the lysosome for degradation, the retromer com-
plex must bind to the sorting signal of the receptor that sticks
out into the cytoplasm, and this is followed by the formation of
endosomal tubules from which retromer-cargo vesicles bud off
and then transit to the trans-Golgi network (TGN) for recycling to
the plasma membrane (31). Adding complexity, some vesicular
trafficking pathways in cells use Snx3-retromer complexes, and
Snx3 binds to cargo proteins that have a specific C-terminal
endocytic recycling sequence (31).

In Saccharomyces cerevisiae, Snx3-retromer mediates the
retrograde recycling of cell-surface proteins in the early-
endosome-to-TGN and late-endosome-to-TGN pathways. For
example, Snx3-retromer mediates the retrograde recycling of
the high-affinity iron import pair of proteins Fet3 and Ftr1
from the plasma membrane in early endosomes to the TGN
under low iron conditions (Fig. 1A), and when iron levels
increase, endocytosed Fet3-Ftr1 molecules are shunted to the
vacuole for degradation (32–37). Snx3-retromer also functions
in the secretory pathway. Kex1, Kex2 and Ste13 are conserved
membrane-bound proprotein convertases that process pro-
α-factor and pro-killer toxin for secretion (38). Each of these
proteins has a Golgi retention signal in their cytoplasmic
tails (39,40). These resident TGN proteins also transit into late
endosomes, and Snx3-retromer retrieves them back to the TGN
(39,41–43). If SNX3 is deleted, Kex2 molecules shunt to the
vacuole by default (32,44). The cytoplasmic tails of these three
enzymes contain an endocytic recycling sequence that binds to
Snx3 (36,44).

We have previously shown that α-syn disrupts Snx3-retromer
retrograde recycling of Fet3-Ftr1 (Fig. 1B) by interfering with the
binding of Snx3 and Vps17 to endosomes in S. cerevisiae (45).
We proposed that α-syn inhibits the binding of Snx3 and Vps17
to the anionic phospholipid PI3P on the cytoplasmic face of
endosomes. When Snx3 and Vps17 fail to bind to endosomes
containing Fet3-Ftr1 complexes, the complexes are shunted to

the vacuole by default. To test the generalizability of our model,
we asked whether α-syn can disrupt the recycling of the two
Snx3 cargo proteins, Kex2 and Ste13 (Fig. 1B). Kex2 is an ideal
protein to study because it is a highly conserved Ca2+-dependent
subtilisin/kexin proprotein convertase, also called a proprotein
convertase, which has numerous human orthologs, some of
which are expressed in neurons.

We show that α-syn, A53T, and α-syn�C, but not A30P,
partially blocks the Snx3-retromer-mediated recycling of Kex2
between the TGN and pre-vacuolar endosomal compartments,
which results in its transiting to the vacuole. A similar effect
of α-syn on Snx3-retromer trafficking of Ste13 is also found.
Strikingly, α-syn, but not A30P, also inhibits the Ste13- and
Kex2-dependent mating response.

Results
It is useful to know that in mammalian cells the Golgi appara-
tus is perinuclear, whereas in S. cerevisiae, the Golgi apparatus
is scattered throughout the cell, and that the yeast late-Golgi
compartment is thought to be functionally equivalent to the
mammalian TGN (32). The term TGN is used herein. Snx3, which
was originally named Grd19, was identified in a genetic screen
that identified genes that when mutated failed to retain Kex2
in the TGN (46). This unique group of genes was named Golgi
retention deficient.

Ste13, which is a conserved integral membrane dipeptidyl
aminopeptidase that processes α-factor (47), is a resident TGN
protein (Fig. 2). Ste13 has human orthologs. Although it is a
resident TGN protein, Ste13 also partially distributes to endoso-
mal compartments (but not the plasma membrane). The effect
of α-syn on the localization of a green fluorescent protein-
Ste13 fusion (GFP-Ste13) was evaluated in the budding yeast S.
cerevisiae. A BY4742 ste13� mutant was sequentially transformed
with two plasmids: one plasmid harbored GFP-STE13, and the
other plasmid harbored the human α-syn insert under the con-
trol of the GAL1 promoter or empty vector. Figure 3A shows flu-
orescence microscopic images of cytoplasmic puncta of Ste13-
GFP (row 1), which we interpret to be Golgi and/or endosomal
vesicles (43). The number of these puncta per cell decreased
upon expression of α-syn (row 2). When similar experiments
were performed in the ste13� snx3� strain (rows 3 and 4), very
few puncta were visible in this strain; instead, green fluores-
cence appeared in the vacuoles. Quantitative analysis of the
fluorescence images obtained from three independent clones
shows that α-syn decreased the percentage of cells exhibit-
ing green Golgi/endosome puncta by 23% (P < 0.0001), whereas
snx3� abolished nearly all puncta (Fig. 3B). Figure 3C shows that
α-syn was expressed in the strains of interest.

We also determined whether α-syn disrupts Snx3-retromer-
mediated trafficking of the integral membrane, Ca2+-dependent
proprotein convertase Kex2, which is a member of the sub-
tilisin/kexin family of serine endoproteases that is found in
prokaryotic and eukaryotic organisms (48) (Fig. 2). Kex2 has sev-
eral human orthologs, including human proprotein convertase
PCSK1 (Supplementary Material, Fig. S1).

We first sought to verify that snx3� abolished the Golgi-
endosomal puncta of Kex2-GFP, as reported by Voos and Stevens
(44). Two BY4742 strains were used: the parent strain, which
had a chromosomally integrated copy of KEX2-GFP replacing the
wild-type allele, and an isogenic snx3� mutant. Figure 4A shows
fluorescence microscopic images of cytoplasmic puncta of Kex2-
GFP (row 1), which we interpret to be Golgi and/or late endo-
somal vesicles (49). Similar experiments were performed in the
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Figure 1. Snx3-retromer functions in yeast. (A) Snx3-retromer mediates the retrograde trafficking of Fet3-Ftr1 from the plasma membrane to the TGN under conditions

of iron starvation. These two proteins function to import iron into the cell. An increase in ambient iron results in the default pathway: endocytosed Fet3-Ftr1 molecules

shunt to the vacuole for degradation. Snx3-retromer also retrieves Kex2 and Ste13 from the pre-vacuolar compartment/late endosome to the TGN. (B) The expression

of α-syn in yeast cells under iron-starved conditions results in Fet3-Ftr1 molecules following the default pathway to the vacuole. It is proposed that α-syn also disrupts

the Snx3-retomer-dependent retrieval of Kex2 from late endosomes, resulting in Kex2 transiting to the vacuole by default. Snx3-retromer also retrieves Ste13 from late

endosomes, but this is not shown for simplicity.

Figure 2. The domain structure of Kex2 and Ste13. These proteins are synthesized as pro-proteins and undergo processing, which includes proteolytic removal of

certain domains as well as glycosylation, to achieve the active state. For details on the processing of Kex2 see ref (65).
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Figure 3. Sorting nexin Snx3 is required for the formation of cytoplasmic foci of Ste13-GFP. (A) Microscopic analysis of cellular localization of GFP-Ste13 in ste13� cells

carrying a plasmid encoding GFP-STE13 and a plasmid encoding α-syn or the empty vector as control. (B) Plot of the percentage of Ste13-GFP puncta-positive cells in

the indicated strains. Three clones were evaluated; cells were counted in two random fields (300 cells) per clone; one-way ANOVA with Bonferroni correction was used

in statistical analysis. (C) Western blot analysis of α-syn expression in the strains as indicated. Pgk1 is included as loading controls.

KEX2-GFP snx3� strain (row 2). Very few puncta were visible in
the mutant strain; instead, diffuse green fluorescence appeared
in the vacuoles. Figure 4B shows that the cellular localization
of Kex2-GFP was unaffected by the introduction of an empty
vector. We also demonstrated that re-expressing Snx3 (in the
form Snx3-mCherry) in the KEX2-GFP snx3� strain quantita-
tively restored Kex2-GFP cellular localization to green puncta
attributable to Golgi/endosomal vesicles (Fig. 4C and D). Western
blotting of cell lysates showed that Kex2-GFP was detectable in
the KEX2-GFP snx3� strain carrying a plasmid encoding SNX3-
mCherry, whereas the level of Kex2-GFP was reduced by ∼60%
in cells harboring the empty vector (Fig. 4E and F). The results
show that Golgi/endosomal localization of Kex2-GFP is largely
abolished when the sorting nexin Snx3 is absent from cells,
and that in this case Kex2-GFP is targeted to the vacuoles for
degradation.

We then determined whether α-syn affects the trafficking of
Kex2-GFP. Figure 5A shows fluorescence microscopic images of
cytoplasmic puncta of Kex2-GFP (row 1). Quantitative analysis
of multiple clones revealed that 80% of GFP-KEX2-expressing
cells carrying an empty vector displayed cytoplasmic puncta

and expressing α-syn in these cells significantly decreased the
percentage of cells exhibiting such puncta to 55% (P < 0.0001)
(Fig. 5A and B). Similar experiments were performed in the KEX2-
GFP snx3� strain (Fig. 5A, rows 3 and 4) and we found that
<10% of cells exhibited cytoplasmic puncta in both the pres-
ence or absence of a plasmid encoding α-syn. Instead, green
fluorescence appeared in the vacuoles in most snx3Δ mutant
cells (Fig. 5, A and B). To augment the fluorescence microscopy
experiments, the level of Kex2-GFP in both wild-type and snx3Δ

mutant strains with and without α-syn expression was moni-
tored (Fig. 5C and D). Expression of α-syn in otherwise wild-type
cells or snx3Δ resulted in significant decreases in the level of the
Kex2-GFP protein, consistent with its degradation in the vacuole
(Fig. 5D). The combined results in Figures 3–5 show that that α-
syn disrupts the Snx3-retromer trafficking of Ste13 and Kex2, but
never to the same extent as deleting SNX3.

Seven missense mutations in the gene that codes for α-syn
(SNCA) have been identified, and individuals who have one of
these mutations suffer from autosomal dominant, early-onset
PD (1). These missense mutations yield α-syn variants A30P,
A53T, E46K, H50Q, G51D, A53E, and A53V (4–8,50,51). C-terminal
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Figure 4. Fluorescence microscopy shows that sorting nexin Snx3 is required for the formation of cytoplasmic foci of Kex2-GFP. (A) Fluorescence microscopic analysis of

cellular localization of Kex2-GFP in wild-type and snx3Δ mutant cells. In the KEX2-GFP strain, Kex2-GFP predominantly localizes to cytoplasmic foci (white arrowhead).

In the KEX2-GFP snx3� strain, cells are largely devoid of Kex2-GFP cytoplasmic foci; instead, Kex2-GFP localizes to the vacuoles (yellow arrowhead). For clarity, in the GFP

images cell perimeters are denoted by a continuous white line and vacuoles are denoted by a dashed white line. (B) Cellular localization of Kex2-GFP in the KEX2-GFP

strain carrying the empty vector (EV, pAG426Gal). White lines denote perimeters of the cells and vacuoles. (C) Re-expressing Snx3 (as Snx3-mCherry) in the KEX2-GFP

snx3� strain restores the localization of Kex2-GFP to cytoplasmic foci. Yellow arrow denotes Kex2-GFP in the vacuole; white arrows denote cytoplasmic foci of Kex2-GFP.

(D) Plot of the percentage of Kex2-GFP puncta-positive cells in the indicated strains. Three clones were evaluated; cells were counted in two random fields (300 cells)

per clone; Student’s t-test was used in statistical analysis. (E) Western blot analysis of the expression of Kex2-GFP and Snx3-mCherry. Cellular lysates were subjected

to SDS-PAGE followed by western blotting to detect Kex2-GFP (with anti-GFP antibody), Snx3-mCherry (with anti-mCherry antibody) and the loading control Pgk1. The

band at ∼ 40 kDa in both lanes is a non-specific band. (F) Quantification of Kex2-GFP levels in the indicated strains from western blot data. Student’s t-test was used in

statistical analysis (N = 3). Microscopy (A–D) and western blotting (E, F) were conducted with a 5 h and 10 h induction in galactose, respectively.
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Figure 5. α-syn decreases the number of cells with cytoplasmic foci of Kex2-GFP but not as efficiently as snx3Δ. (A) α-syn decreases the number of cells exhibiting Kex2-

GFP cytoplasmic foci, whereas snx3Δ almost completely eliminates these foci. (B) Quantitative analysis of the percentage of cells with puncta localization of Kex2-GFP

in the indicated strains. Three clones were evaluated; cells were counted in two random fields (300 cells) per clone; one-way ANOVA with Bonferroni correction was

used in statistical analysis. (C) Western blot analysis of Kex2-GFP and α-syn. Cellular lysates were subjected to SDS-PAGE followed by western blotting to detect Kex2-

GFP (with anti-GFP antibody), α-syn, and the loading control Pgk1. (D) Quantitative analysis of Kex2-GFP expression shows that the expression of α-syn significantly

decreases the level of Kex2-GFP. One-way ANOVA with Bonferroni correction was used in statistical analysis (N = 5).

truncated variants of α-syn have also been reported to rapidly
aggregate and are found in Lewy bodies (52,53). In the following
experiments, we assessed whether A30P, A53T and α-syn�C

(lacking residues 101–140) were as effective as wild-type α-syn
in disrupting the trafficking of Kex2. The A30P variant is of
particular interest because it fails to bind to membranes to the
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Figure 6. The effects of α-syn and its mutants (A30P, A53T and α-syn�C) on the cellular localization of Kex2-GFP. (A) Microscopic analysis of cellular localization of

Kex2-GFP. KEX2-GFP cells carrying the indicated plasmids were induced for 5 h in galactose to analyze the effect of synucleins on Kex2-GFP localization. (B) Quantitative

analysis of the percentage of cells showing puncta localization of Kex2-GFP in KEX2-GFP cells carrying the indicated plasmids. Four clones were evaluated; cells were

counted in two random fields (300 cells) per clone; one-way ANOVA with Dunnett post hoc test was used in statistical analysis. (C) Western blot analysis of the expression

of α-syn and its variants.

same extent as wild-type α-syn or A53T (54,55). According to
our proposed model (45), A30P should fail to disrupt or partially
disrupt Snx3-retromer-mediated trafficking of Kex2, and this
was tested as follows.

The effects of three α-syn variants on the localization of
Kex2-GFP were assessed by fluorescence microscopy (Fig. 6A).
Distinct green cytoplasmic puncta were seen in the empty vector
control strain (Fig. 6A, row 1). A decrease in the number of
these green puncta occurred in cells expressing α-syn, A53T
and α-syn�C (Fig. 6A, rows 2, 3 and 5), whereas cells expressing
A30P did not appear to affect the cellular localization of Kex2-
GFP (Fig. 6A, row 4). Hundreds of cells from multiple clones for
each condition were counted to determine the percentage of
cells exhibiting the Golgi/endosomal puncta (Fig. 6B). Statisti-
cally significant decreases in the percentage of cells exhibiting
Golgi/endosomal puncta from Kex2-GFP were found for wild-
type α-syn, A53T and α-syn�C, but not for A30P, compared with

control cells. Figure 6C shows the expression of the various α-syn
proteins.

Given that Ste13 and Kex2 endoproteases are essential for
the processing and secretion of α-factor and that wild-type α-
syn, but not the A30P variant, disrupts the trafficking of both
endoproteases, we hypothesized that α-syn but not A30P should
inhibit the maturation of α-factor and thus mating. Secreted α-
factor can be detected in a simple plate assay of growth inhi-
bition of super-sensitive MATa cells lacking the Bar1 protease
(‘barrier factor’) as a halo around the α-factor source. This assay
can be used quantitatively, as the size of the halo of growth
inhibition is related mathematically to the concentration of α-
factor to which the lawn of bar1� strain is exposed (56). The
assay is effective no matter whether the lawn of sensitive cells is
exposed to a point source of pure α-factor or to cells expressing
α-factor. Thus, the ability of cells to secrete mature α-factor can
be assessed by the halo assay, comparing the sizes of halos
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Figure 7. Halo size reduction indicates decreased secretion and/or maturation of the α-factor upon expression of α-syn. (A) Growth inhibition of a lawn of reporter

strain KT1381, lacking the Bar1 protease, results in halos surrounding α-factor-producing cells. Test strains were grown in non-inducing medium and shifted to inducing

medium for 4 h before plating on the lawn of reporter cells as described in Materials and Methods. Tests were carried out in duplicate on each plate shown. (B and C)

Quantitation of halo sizes from plates. Data from six experimental replicates were analyzed as described in Materials and Methods.

produced in response to wild-type cells to those produced in
response to cells deficient in some aspect of α-factor production,
processing or secretion. To assess whether yeast MATα cells
expressing α-syn or A30P produce and secrete α-factor normally,
we carried out halo assays, plating a constant number of cells
on a lawn of sensitive cells and measuring the zone of growth
inhibition.

For the KEX2-GFP strains transformed with the empty vector,
α-syn or A30P plasmid, under inducing conditions, the halos
caused by cells carrying the empty vector or the A30P plasmid
were of nearly identical size, whereas the cells expressing α-
syn exhibited a significant (P = 0.0087) reduction in halo size
relative to the control EV cells (Fig. 7A, top panel and B). For
the KEX2-GFP snx3� strain carrying the empty vector under
inducing conditions, the size of halos was reduced, which was
not statistically significant when compared with the KEX2-GFP
strain carrying the empty vector. The same experiments were
conducted under non-inducing conditions (glucose), and in this
case, as expected because of the lack of expression, the reduction
in halo size by α-syn was not significant (Fig. 7A, bottom panel
and C). Together, the mating assay results indicate that wild-
type α-syn, but not the A30P variant, inhibits the secretion or
maturation of the α-factor.

Discussion

In this study, we showed that wild-type α-syn, A53T, and α-
syn�C, but not A30P, disrupt Snx3-retromer-mediated traf-
ficking of Kex2 (and possibly Ste13 as well) between the
pre-vacuolar/late endosomal compartment and TGN, and,
strikingly, a biologic consequence is a reduction in the secretion
or maturation of α-factor (Fig. 8). Overall, these results are
consistent with our model in which α-syn inhibits the binding of
Snx3 (and retromer component Vps17) to endosomes, resulting
in cargo mis-localizing to the vacuole (Fig. 8).

α-syn localizes to presynaptic membranes in dopaminergic
neurons, where it coats synaptic vesicles docked at the presy-
naptic membranes (13). Missense mutations of α-syn cluster in
its N-terminal region, which is the region that forms an α-helix
when the protein binds to membranes. In A30P α-syn, the proline
at position 30 likely prevents the protein from adopting an α-
helical conformation that is required for membrane binding;
consequently, A30P binds much less, if at all, to membranes
and vesicles. We found that A30P failed to affect Snx3-retromer
trafficking of Kex2-GFP, as judged by the formation of Golgi and
endosomal punctate structures like those that formed in control
cells (Fig. 6). Strikingly, A30P caused no significant reduction in



Human Molecular Genetics, 2022, Vol. 31, No. 5 713

Figure 8. A model on the inhibition of Snx3-retromer-mediated retrieval of Kex2 from the pre-vacuolar compartment to TGN by α-syn. (A) α-syn binds to PI3P, and this

binding inhibits the binding of Snx3-retromer to the endosome surface. The cargo, Kex2, then trafficks by default to the vacuole. (B) In the absence of α-syn, Kex2 (and

Ste13) cycle between the pre-vacuolar compartment and the trans-Golgi in a Snx3-retromer dependent manner. α-syn disrupts Snx3-retromer association with PI3P,

resulting in the mis-processing of α-factor and concomitant degradation of Kex2 in the vacuole.

the activity of the α-factor (Fig. 7). A30P, which has very low
affinity for membranes, would be expected to have little to no
effect on Snx3-retromer-mediated trafficking of cargo, possibly
because it cannot inhibit the binding of Snx3 to PI3P. These
results strongly support our model for how α-syn inhibits Snx3-
retromer trafficking of cargo proteins (Fig. 8B).

A ‘default pathway’ to the vacuole has been mentioned sev-
eral times. Several groups have reported that Kex2 diverts to the
vacuole by default when (i) a portion of its cytosolic, C-terminal
tail is deleted (39); (ii) a single tyrosine Tyr713 residue in its
cytosolic, C-terminal Golgi retention sequence is mutated (41);
(iii) SNX3 is deleted (44) and (iv) as we have shown here, when

wild-type α-syn, but not the A30P variant, is expressed (Figs 5
and 6). This default pathway is a vesicular trafficking route from
the TGN to the vacuole (32). It should be mentioned that Kex2
localizes to the plasma membrane in yeast cells deficient in
the clathrin heavy chain (57). Because we did not observe Kex2-
GFP molecules re-localize from punctate Golgi and endosomal
structures to the plasma membrane upon the expression of α-
syn, we conclude that α-syn does not disrupt the functions of
clathrin.

Deleting SNX3 has a profound effect on Snx3-retromer
trafficking of both Ste13 and Kex2. For example, KEX2-GFP snx3�

cells were largely devoid of punctate Golgi and endosomal
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structures, and green fluorescence was predominantly found
in the vacuole by default (Fig. 5A and B). We expected that under
inducing conditions that the KEX2-GFP snx3� strain carrying the
empty vector would have a large and significant reduction in
halo size. There was a reduction, but for unknown reasons, it
was not significant (Fig. 7A top panel and B). On the other hand,
when the same cells were incubated in glucose medium, there
was a significant reduction in halo size, which was expected
(Fig. 7A bottom panel and C).

Humans have nine orthologs of Kex2, which are expressed
in endocrine cells and neurons. The human secretory propro-
tein convertases (PC) are PC1/3, PC2, furin, PC4, PC5/6, PACE4,
PC7, SKI-1/S1P and PCSK9 (58). PCs function to process pro-
hormones, such as proinsulin and proglucagon and neuropep-
tide precursors, and pro-proteins (both endogenous and viral,
including the SARS-CoV-2 spike protein) in various tissues. The
level of sequence identity between Kex2, particularly in its cat-
alytic domain and humans PCs is striking. For example, the
sequence alignment between Kex2 and the neuroendocrine con-
vertase 1 isoform 2 shows a high-level of sequence similarity
(E = 2e−114) (Supplementary Material, Fig. S1). The pathways and
molecular machinery used for the intracellular trafficking of
human PCs are in general poorly defined. One study showed
that furin undergoes retrograde trafficking in a Rab9-dependent,
retromer-independent manner (59). Whether retrograde traffick-
ing of other PCs is retromer-independent is not known. It will be
interesting to study if α-syn affects the trafficking of proprotein
convertases in humans.

Neuroendocrine abnormalities, such as disrupted melatonin
secretion, insulin resistance, bone metabolism, to name a
few, are common in sporadic PD, i.e. such patients have no
known mutations in SNCA (60). We know of no studies of
neuroendocrine abnormalities in PD patients with the A30P
or A53T mutations. An obvious question is whether these
neuroendocrine abnormalities in the brain come about from
α-syn-mediated neuron degeneration of neuropeptide-secreting
cells or from the intracellular α-syn aggregation.α-syn is not only
expressed in dopaminergic neurons of the mid-brain, but also
in the posterior pituitary gland (61), which is a site of hormone
secretion, as well as in the cortex (Human protein atlas), which
is another area in which neurons secrete neuropeptides (62).
The work presented here raises the possibility that α-syn
pathology may result in the mistrafficking of PCs in neurons
and neuroendocrine cells. Such mistrafficking of the PCs could
contribute to the neuroendocrine abnormalities seen in PD
patients.

Materials and Methods
Yeast strains, plasmids and antibodies

S. cerevisiae strains and plasmids used in this study are listed
in Table 1. Manipulation of yeast strains, preparation of liquid
and solid nutrient rich complete medium (YPD) and synthetic
complete (SC) or drop out medium were performed following
standard protocols (63). Unless stated otherwise, for all experi-
ments, cells transformed with various plasmids were pre-grown
in non-inducing selective synthetic medium SC-raffinose lack-
ing nutrients required to maintain the selection of plasmids
with auxotrophic markers until mid-log phase. α-Syn expression
was induced by replacing raffinose with galactose (2%, wt/vol)
(SC-Gal, inducing media). Yeast Snx3-mCherry was expressed
under yeast Snx3 promoter cloned in pRS415. The primary anti-
bodies used were mouse anti-α-syn (BD Biosciences, # 610786),

rabbit anti-GFP (Abcam; # ab6556), mouse anti-Pgk1 (Abcam, #
ab113687) and chicken anti-mCherry (NovusBio, # NBP2–25158).
The secondary antibody was goat anti-mouse (Santa Cruz, #
SC-516102), goat ant-rabbit (Santa Cruz, # SC-2357) and goat
anti-chicken (abcam, # ab97135). Unless otherwise noted, all
other chemicals used in this study were purchased from Sigma
Aldrich.

Western blotting

Yeast cell lysates were prepared by mechanical glass bead
disruption as described previously (55). The lysates were
centrifuged (27 000 g/18 min/4◦C), and the protein concentrations
of the supernatants were determined using DC™ Protein Assay
Kit (Bio-Rad 5 000 112). Equal concentration of protein (30 μg)
from each sample was boiled for 10 min in 1x Laemmli sample
buffer (Bio-Rad catalog # 1610747), resolved by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (4–15%
Mini-PROTEAN® TGX™ Precast Protein Gels, Bio-Rad) and
transferred onto polyvinylidene fluoride (PVDF) membranes
(Trans-Blot® Turbo™ Mini PVDF Transfer Pack, Bio-Rad catalog
# 1704156). The membranes were blocked with 5% blotto (G-
Biosciences Blot-Quikblocker catalog # 786-011) in phosphate-
buffered saline containing 0.1% (v/v) Tween-20 (PBST) for 1 h
at room temperature. The membrane was then incubated
overnight at 4◦C with indicated primary antibodies. Following
incubation, immunoreactive bands were detected by incubating
with respective horse radish peroxidase (HRP) conjugates.
Protein-antibody complexes were visualized using enhanced
chemiluminescence substrate (Clarity™ Western ECL Substrate,
Bio-Rad #170-5060). The western blot images were acquired
using Biorad Chemidoc-MP imaging system and the intensity
of Kex2-GFP was quantified and represented as relative protein
levels normalized to Pgk1 using ImageJ software.

Fluorescence microscopy

Yeast cells from cultures grown to OD600 ≈ 0.5 were immobilized
on agarose pads and three-dimensional image stacks were col-
lected at 0.5-μm z increments spanned across eleven planes
along the z-axis using an Olympus AX70 microscope equipped
with an Olympus UPlanFl 100×/1.35 NA objective and a Cool-
SNAP HQ CCD camera (Roper Scientific). Images were acquired
at room temperature and were binned (2 × 2). Image acquisition
and the z-axis stepping motor (LudI electronic products) were
controlled using Slidebook, version 4.0 (Intelligent Imaging Inno-
vations) software. Images were analyzed and quantified using
ImageJ software. At least 600 cells were counted per independent
clone. The Kex2-GFP puncta-positive cells were quantified after
normalizing the low and high value for GFP intensities and elim-
inating the background intensities and graphically represented.

Halo assay

Cells were grown overnight in roller culture at 24◦C in YPD (MATa
bar1; KT1381) or SC selective medium with raffinose as carbon
source (KEX2-GFP and KEX2-GFP snx3Δ). Synthetic cultures were
split and induced by addition of galactose to 2% (wt/vol; SC-
Gal, inducing media) for 4 h. 0.5 ml per plate of 1/20 dilution
of the KT1381 culture was plated on YPD and YPGal plates and
these were allowed to dry 4 h at room temperature. Synthetic
cultures were adjusted to 2 × 107 cells/ml (hemacytometer) with
SC selective medium with raffinose. For each strain, 1 ml culture
was pelleted, and the pellet was resuspended in 5 μl of the same
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Table 1. Plasmids and strains

Strain/Plasmid Genotype/Description Source

BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Open biosystem
KEX2-GFP BY4742 KEX2:GFP::HIS3MX6 Open biosystem
KEX2-GFP snx3Δ BY4742 KEX2:GFP::HIS3MX6 snx3::kanMX4 This study
KT1381 MATa leu2 ura3 his3 bar1-1 Kelly Tatchell
ste13Δ BY4742 ste13::kanMX6 Yeast genome deletion project
ste13Δ snx3Δ BY4742 ste13::kanMX6 snx3::HIS3MX6 This study
pAG426GAL 2 μ, URA3, PGAL1 Addgene
pAG425GAL 2 μ, LEU3, PGAL1 Addgene
pAG426- α-Syn (WT) pAG426GAL, PGAL1-α-Syn (WT) (64)
pAG426-α-Syn (A30P) pAG426GAL, PGAL1-α-Syn (A30P) (64)
pAG425-α-Syn (A53T) pAG425GAL, PGAL1-α-Syn (A53T) (64)
pAG425-α-Syn(1–100) pAG425GAL, PGAL1-α-syn�C This study
pRS415-ySnx3-mCherry pRS415-Snx3P-ySnx3-Ala10-mCherry This study

medium. 1 μl per culture was spotted onto each tester lawn in
duplicate and plates were incubated at 24◦C for 24–30 h before
photographing. To minimize error due to variation in size of the
alpha factor source (culture) spot as well as deviation of spot
shape from a perfect circle, the width of the halo ring around the
source was measured rather than the halo diameter. Each ring
width was measured at three positions around the halo and the
measurements were averaged to generate the width of the band
of arrested cells, in millimeters (mm). This value is expressed as
halo size. Six halos were measured for each strain/transformant
and halo sizes are represented graphically.

Rigor and reproducibility

Ideally, the quantitative assessment of the percentage of cells
with green Golgi puncta (Figs 3–6), which involves examining
and scoring hundreds of cells, should have been done by a person
with no knowledge of the whether the cells express α-syn, A30P
or are control EV cells. It was not practical for us to have the
analysis done blinded. On the other hand, the true variation
in the experiments was captured by using, at minimum, three
independent clones (biological replicates) in every experiment;
plus, 600 cells were counted per clone. A person (LCR) with no
knowledge of the results from the fluorescence experiments
carried out the mating assay and analyzed the data independent
of the Witt lab. The inclusion of this assay improved the rigor of
this study.

Statistical analysis

All data were analyzed using GraphPad Prism (version 6) soft-
ware. Hypothesis testing method included one-way analysis of
variance (ANOVA) with a Bonferroni correction when comparing
multiple samples of different treatments to a control. Experi-
mental values are means ± standard deviation of at least three
independent experiments and P-value of < 0.05 was considered
significant.
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