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Fig. S1: Test for a-Syn Binding/Colocalization with Organelles. We
asked whether a-synuclein (a-syn) binds or colocalizes with mi-
tochondria, lipid droplets, or peroxisomes. Mitochondria were
imaged using the plasmid-born reporter DId2-GFP (Dld2, mi-
tochondrial p-lactate dehydrogenase) (1), and two strains were
constructed to image lipid droplets or peroxisomes in psdiA
cells. (The plasmid bearing DId2-GFP was a gift from Zheng-
chang Liu, University of New Orleans, New Orleans, Louisiana.)
In one strain, ERG6-red fluorescent protein (RFP) replaced the
genomic copy of ERG6 (see ref. 2), whereas in the other strain,
PEX3-RFP replaced the genomic copy of PEX3—these strains
are called psdl A-ERG6-RFP and psdl A-PEX3-RFP, respec-
tively. Ergb is a resident lipid droplet protein (3). Pex3 is required
for peroxisome biogenesis (4). GFP and RFP are the GFPs and
RFPs, respectively.

To test for the binding of a-syn to mitochondria, cells trans-
formed with a-syn—-RFP and DId2-GFP plasmids were grown in
synthetic complete (SC) mixed medium at 30 °C, and after 5.5 h,
the fluorescence images were taken. In wild-type cells, mito-
chondria appeared as long, green tubular structures, whereas the
red a-syn molecules localized to the perimeter of the cells (Fig. S14,
Top). In psdiA cells without ethanolamine (ETA), mitochondria
formed clusters of green puncta, whereas red a-syn appeared as
a large cytoplasmic focus, which we attribute to the endoplasmic
reticulum (ER) (Fig. S14, Middle). No appreciable overlap oc-
curred between a-syn and the fragmented mitochondria. Incubation
of psdiA cells with ETA did not change the fragmented nature of
the mitochondria; however, ETA redistributed a-syn from the ER
to the plasma membrane (Fig. S14, Bottom).

We previously reported that a-syn—-GFP binds to lipid droplets
in wild-type cells when the cells are cultured in medium sup-
plemented with oleate (2). Furthermore, the binding of a-syn to
lipid droplets is sensitive to the composition of phospholipids in
the cells, which is medium-dependent. To test for the binding of
a-syn to lipid droplets in psd1A cells cultured in mixed medium
[1% sucrose (Suc)/1% galactose (Gal)], psdl A—-ERG6-RFP cells
transformed with plasmid pAG426-a-syn-GFP were induced for
5 h and then imaged using fluorescence microscopy. In most
cells, a-syn—GFP clustered in several large, bright green cyto-
plasmic foci (Fig. S1B, Left). Many cells also contained lipid
droplets, which appeared as smaller red foci (Fig. S1B, Center). In
general, a-syn—-GFP foci and the lipid droplets do not overlap; in-
stead, the two bodies appear to be in close proximity to each other
(Fig. S1B, Right). A close spatial association between these two
bodies is not surprising given that a-syn—GFP is retained in the ER
(Fig. 24) and lipid droplets originate from ER membranes.

To test for the binding of a-syn to peroxisomes, psd1 A-PEX3—
RFP cells transformed with plasmid pAG426-a-syn—-GFP were
induced for 5 h and then imaged using fluorescence microscopy (2).
No overlap was found between peroxisomes (Pex3-RFP) and
a-syn-GFP foci (Fig. S1C). On the basis of these experiments, we
conclude that the a-syn-GFP foci in psd1A cells are not due to the
association of a-syn—-GFP with mitochondria, lipid droplets, or
peroxisomes.

Fig. S2: Test Whether ETA Dissolves Preformed a-syn-GFP Foci. We
asked whether ETA could dissolve preformed a-syn-GFP foci
and whether ETA could rescue the severe growth defect that
occurs in psdIA cells that express a-syn. First, to see whether
ETA could dissolve preformed a-syn-GFP foci, ETA (5 mM)
was added at 0, 3, or 6 h after the start of induction in mixed
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medium, and images were taken after 7 h of induction. ETA
dissolved most of the preformed a-syn—-GFP foci (Fig. S24).
Second, we analyzed growth in liquid medium under two con-
ditions—that is, 1% Suc/1% Gal (mix) or 2% (wt/vol) Gal. For
the mixed medium (Fig. S2B), adding ETA at 5.5 h resulted in
a reproducible increase in the growth rate. A much more dra-
matic effect was observed for psdIA cells cultured in the 2% Gal
medium, which gives higher a-syn expression. When ETA was
added after a 28.5-h induction, at which time there is a severe
growth defect, there is a rapid growth burst, and the rate of this
burst almost matches that of cells that had ETA the entire time
(Fig. S2C). Overall, these experiments show that ETA added to
psdIA cells containing preformed o-syn—-GFP foci reduces the
number of a-syn—-GFP foci in cells and rescues growth.

Fig. $3: Phospholipid analysis using TLC. A sample of lipid extract
was separated on a TLC plate using solvent mixture B [chloro-
form:methanol:ammonium hydroxide (65:25:4)]. After being
sprayed with 10% sulfuric acid, the plate was colorized in an oven
at 120 °C. The developed plate was scanned and the intensities of
the PE and PC bands were determined.

Fig. S4: Test for Respiratory Defects in psd7A Cells. O, consumption
by wild-type and psdIA cells was measured with a Clark electrode
(Fig. S44). The rate of O, consumption by psdIA cells is ~60%
less than the rate of O, consumption by wild-type cells, which is
consistent with an earlier study (5). Supplementing psdIA cells (+
a-syn) with ETA failed to increase the rate of O, consumption. In
wild-type cells (xa-syn), ETA slightly inhibited the rate of O,
consumption. We also found that the complex III inhibitor anti-
mycin A (AA), which induces respiratory stress, did not induce the
formation of a-syn—-GFP foci (Fig. S4B).

Fig. S5. Given that ETA prevents the formation of a-syn—-GFP foci
in psdIA cells, we tested whether ETA had the same effect on
wild-type cells. For all of the experiments described below, cells
were induced for 5 h in SC-Gal (2% Gal) dropout media. a-syn—
GFP partitioned into large cytosolic foci in the wild-type cells
(Fig. S54), and ETA reduced the number of foci per cell as vi-
sualized using fluorescence microscopy, although the magnitude of
the reduction was difficult to quantify. ETA treatment also abol-
ished the band that we attribute to hyperphosphorylated a-syn (Fig.
S5 B and C). Analysis of phospholipids chemically extracted from
wild-type and psdI A cells revealed that ETA increased the level
of phosphatidylethanolamine (PE) in wild-type cells (+a-syn) by
50-100% (Fig. S5D).

Fig. S6. Several BY4741 yeast deletion mutants (fzol A, finp30A,
spflA, and atg8A) (Open Biosystems) were tested for a-syn—GFP
foci. FZO1 encodes for mitofusin, which is involved in mito-
chondrial fusion (6). FMP30 encodes for a mitochondrial protein
involved in maintaining cardiolipin levels and mitochondrial
morphology (7). SPF1 encodes for a P-type ATPase that regulates
Ca™? homeostasis in the ER (8). ATGS encodes for a protein
responsible for autophagosome biogenesis (9). a-syn—-GFP failed
to form foci in these mutants (Fig. S6).

Other. We found that low levels of PE trigger intense ER stress (Fig.
2 B and D) in psdIA cells, which was unaffected by moderate
expression of a-syn, and ETA partially rescued this effect. Our
interpretation of these results is that lipid disequilibrium in the ER
causes this stress. Lipid disequilibrium in the ER has been pre-
viously linked to ER stress. For example, obesity leads to chronic
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ER stress, and this may play a role in diabetes and insulin re-
sistance. ER membranes isolated from obese mice contain more
phosphatidylcholine (PC) than ER membranes from lean mice
(10). The PC/PE ratio equals 2 for ER isolated from obese mice
compared with 1.3 for lean mice. This lipid imbalance inhibits the
sarco/ER calcium ATPase (10), and inhibition of this protein
disrupts calcium homeostasis and triggers the unfolded protein
response. Yeast express a similar P-type ATPase called Spfl that
regulates Ca™ import into the ER (11). The amount of ER stress
in spflA cells was not much higher than that in wild type, and
a-syn—GFP failed to form foci in this mutant (Fig. S6); therefore,
ER stress caused by lipid disequilibrium in psdI A cells is probably
not due to the inhibition of Spfl.

We found that a-syn forms foci in ino2A and cho2A even though
these two mutants have normal levels of PE and no ER stress (Fig.
2 C-E). The level of PC is probably too low in these two mutants.
We propose that a compensatory mechanism exists whereby PE
functionally substitutes for PC in membranes when the level of PC
is low. Furthermore, if PE substitutes for PC in the various cell
membranes, then the PE level in the ER could decrease such that
the transport of GPI-anchored proteins to the plasma membrane
is partially blocked; in such a case, a-syn forms foci.

The psdlA mutant displayed intense cell wall stress (Fig. 4B),
which indicates that low PE levels activate the cell wall integrity
(CWI) pathway. Activation of this stress pathway leads to the
rapid induction of the expression of a group of genes that code
for proteins that serve to repair damage to the cell wall. We
found that a-syn partially inhibits cell wall stress in psdIA cells
(12), which means that the cells can only partially repair damage
to the cell wall due to low PE levels (Fig. 4B). We therefore
conclude that, in an environment dominated by ER stress in-
duced by low levels of PE, psdIA cells expressing a-syn are likely
to die from a combination of inhibition of the CWI pathway by
a-syn and inefficient processing of GPI-anchored proteins.

Overall, we found that low cellular PE in psdIA cells produces
defects in mitochondrial functions (inhibited respiration and
fragmented mitochondria), which are not rescued by ETA, and
in extramitochondrial functions (ER stress, vesicular trafficking
defects, a-syn foci), which are rescued by ETA. Our results are
consistent with added ETA restoring the level of PE in the ER
via the Kennedy pathway, which partially rescues the observed
defects in the extramitochondrial functions.

S| Materials and Methods

Plasmids. The plasmids used in this study are given in Table S1.
Plasmid propagation and purification followed standard protocols
(13). (i) Plasmids pAG426—a-syn—-GFP and pAG426—a-syn—-RFP
were prepared using the in vitro recombination-based Gateway
cloning system (Invitrogen) as described previously (12, 14). a-syn
and GFP were PCR amplified from pAG426—a-syn and pTF301
(15). (if) Plasmid pRS315-Fur4-EGFP was constructed as follows.
FUR4 was amplified from genomic DNA (BY4741). The reverse
primer contained a sequence complementary to the C-terminal
FUR4 (about 25 nucleotides) and the N-terminal of EGFP (about
25 nucleotides). EGFP was amplified from pAG426-EGFP. The
forward primer contained a sequence complementary to the
C-terminal FUR4 (about 25 nucleotides) and the N-terminal of
EGFP (about 25 nucleotides). These two PCR products were used
as templates to amplify full-length FUR4-EGFP using primers
containing Spel and Sacl sites. After digestion with the two re-
striction enzymes and purification, the fragment was ligated into
pRS315 digested with the same enzymes. (iii) Plasmid pRS315-
DsRed-HDEL (HDEL, the peptide histidine—aspartic acid—
glutamic acid-leucine) was made by excising the Ndel-Xbal
preKar2-DsRed-HDEL insert from plasmid YIPLac204TKC-
DsRed-Express2-HDEL (Addgene) and then subcloning the
insert into pET21a. After digestion of the resultant plasmid
with HindIII-Xbal, the insert was subcloned into pRS315. (iv)
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Plasmid pMCZ-Y (16) was a gift from David Eide (University of
Wisconsin-Madison, Madison, Wisconsin). Plasmid inserts were
verified by sequencing at the Iowa State DNA Sequencing Facility.

Lipid Extraction. Total phospholipids were chemically extracted
from yeast cells using the Folch et al. protocol (17). After 5 h of
induction, 70 ODg equivalents of cells were harvested, washed,
and resuspended with 70 pL breaking buffer (20 mM Tris-Cl
pH7.5,1 mM EDTA, 1 mM DTT, and 1 mM PMSF). After adding
100 pL of glass beads, cells were vortexed for 5 min at 4 °C. After
determining protein content, 70 pL of the lysate was transferred to
a new microtube, to which 1.5 mL CHCl;:MeOH (2:1,v:v) was
added to extract the phospholipids. The tube was centrifuged at
15,000 x g for 5 min, and then 1 mL of the upper phase was
transferred to a new tube. This crude lipid extract was washed
(200 pL of deionized water), and after a brief centrifugation, the
water phase was removed, and the interface was rinsed three times
with 200 pL of MeOH:water (333:200, vol/vol). The remaining
organic phase was dried, and the resulting film was dissolved in
50 pL of CHCl;:MeOH (2:1, v:v); this is the phospholipid extract.

TLC. TLC was used to separate phospholipids extracted from yeast
cells (18). We spotted 10 pL of the phospholipid extract per lane of
the TLC (Silica gel plate 60, Merck). After air drying for 2 min, the
plate was placed in the saturated chamber containing 107 mL of
solvent mixture A [CHCl;:ethanol: H,O:triethylamine (30:35:7:35,
v:viviv)] or solvent mixture B [chloroform:methanol:ammonium
hydroxide (65:25:4)]. When the solvent front reached 1 cm from the
top of the plate, the plate was removed and dried in a fume hood
for 30 min. To visualize the phospholipids, the plate was sprayed
with 10% sulfuric acid and baked in an oven at 120 °C until the
phospholipid bands appeared. Phospholipid content of individual
bands was determined as described below.

Phospholipid Quantification. Phosphate analysis (solvent mixture A).
Phosphate was analyzed by the method of Zhou and Arthur (18).
For a phosphate in individual bands, after a band was scraped off
the TLC plate, it was transferred to an 11-mL glass tube, to which
0.3 mL concentrated perchloric acid was added. The tube was
heated in an oven at 150 °C for 4 h to digest the lipids. We added
100 pL of this digest to 1 mL of a solution mix made up of three
volumes of 0.4% malachite green in water, one volume of 4.2%
ammonium molybdate (wt/vol) in 5 M HCI, and 0.125 volume of
1.5% Tween 20 (wt/vol) in water. After 20 min, the absorbance at
660 nm was measured. For the total phosphate, the phosphate in
10 pL of phospholipid extract was determined by the same method
as described above. For any PE (or PC) band, its percentage is given
by [Pi]/[Pi]ir, where [Pi] is the concentration of phosphate in the
digested PE band and [Pi] is the total phosphate in the sample
before separation. This analysis was done for the data in Fig. 2E.
Band intensity analysis (solvent mixture B). After developing a TLC
plate using the sulfuric acid treatment, as described above, the
plate was scanned, and the mean intensity of individual bands was
quantified using the Adobe Photoshop histogram function. For
analysis of phospholipids from psdIA cells, the ratio of PE to PC
(PEy/PC;) was determined, and the histogram in Fig. 1E uses the
normalized ratio of PEy/PCy/PEw1/PCwr, where s and WT de-
note sample (with indicated treatment) and wild-type control
cells (vector/~ETA).

Oxygen Consumption. The rate of O, consumption was measured
at 30 °C using an YSI 5300 biological oxygen monitor (Yellow
Springs Instrument) equipped with a Clark-type electrode. Yeast
cells were grown to exponential phase in SC mixed medium at
30 °C. We added 3.2 mL of each culture to the chamber inserted
with the Clark-type electrode. The chamber was sealed, and O,
consumption was monitored over several minutes. The rate of
consumption is reported in 0,%/min/107 cells.
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a-syn does not colocalize with mitochondria, lipid droplets, or peroxisomes. (A) psd1A cells, transformed with plasmids pAG426—a-syn—RFP and
pDLD2-GFP, were induced for 5 h (+ETA, 5 mM) in mixed medium and then imaged using fluorescence microscopy. (B) psd1A-ERG6-RFP cells, transformed
with plasmid pAG426-a-syn-GFP, were induced for 5 h in mixed medium and then imaged. (C) psd1A-PEX3-RFP cells, transformed with plasmid pAG426-
a-syn-GFP, were induced for 5 h in mixed medium and then imaged. The “merge” image is an overlay of the GFP and RFP images. (Scale bar, 5 pm.)
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Fig. 2. ETA eliminates preformed cytoplasmic a-syn—GFP foci. (A) a-syn—GFP forms foci in psd7A cells. psd1A cells transformed with plasmid pAG426-a-syn-GFP
were induced for 5 h in mixed medium (1% Suc/1% Gal) at 30 °C and then imaged by fluorescence microscopy. ETA (5 mM) was added upon transfer to
inducing medium (t = 0), at 3 h or 6 h postinduction. (B and C) Growth curves of psd7A cells expressing a-syn (pAG426-a-syn) [mixed or 2% (wt/vol) Gal]. Points
are the mean + SD from three experiments.
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Fig. $3. Phospholipid analysis using TLC. Total lipids were extracted from the 50-pL cell lysate with CHCI3:methanol (2:1, vol/vol). The lipid sample was
separated on a TLC plate using solvent mixture B [chloroform:methanol:ammonium hydroxide (65:25:4)]. After being sprayed with 10% sulfuric acid, the plate
was colorized in an oven at 120 °C. The developed plate was then scanned and the intensities of the PE and PC bands were determined (Materials and
Methods).
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Fig. S4. Respiration is reduced in psd7A cells, and ETA fails to rescue the respiration defect. (A) O, consumption. See Materials and Methods for details. Values

are mean + SD (n = 3). **P < 0.05, ***P < 0.01, and ****#p < 0.001 using one-way ANOVA with Dunnet post hoc test. (B) AA does not induce a-syn-GFP foci.
Fluorescence was obtained after a 5.5-h induction in SC mixed medium (+ 15 pM AA).
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Fig. S5. a-syn foci formation and the effect of ETA on wild-type yeast cells. (A) a-syn-GFP forms foci in psd7A cells. Yeast cells transformed with the indicated
plasmids were induced for 5 h in mixed medium (1% Suc/1% Gal) at 30 °C and then imaged using fluorescence microscopy. ETA (5 mM) was used for the rescue.
(B) Western blotting of a-syn in wild-type cells. Lysates were prepared after a 5-h induction in 2% (wt/vol) Gal with or without 5 mM ETA or mixed media and
then subjected to SDS/PAGE and Western blotting with an a-syn antibody. Pgk1 is a loading control. (C) Western blotting to analyze multiple phosphorylated
a-syn. Lysate of wild-type cells was prepared after a 5-h induction in 2% Gal medium and treated with calf intestinal alkaline phosphatase (CIAP) or CIAP and its
inhibitor for 1 h at 37 °C. The untreated and treated samples were subjected to SDS/PAGE and Western blotting with an a-syn antibody. (D) PE content in WT
cells expressing a-syn (2% [wt/vol] Gal). Total lipids were chemically extracted from each strain and analyzed using TLC. Values are means + SD (n = 3). *P <
A 0.011 and **P < 0.008 were determined using one-way ANOVA with Dunnet post hoc test.
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Fig. S6. o-syn does not form foci in spf1A or selected mutants. SPF1 encodes for a P-type ATPase that regulates Ca*? homeostasis in the ER. The indicated

mutants harboring pAG426-a-syn-GFP were induced to express a-syn—-GFP in the mixed medium, and the GFP fluorescence images were acquired after 5 h of
induction.
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Table S1. Yeast strains and plasmids

Strain Genotype Source

Wild type BY4741; MATa his3-1 leu2-0 met15-0 ura3-0 Open Biosystems
psd1A BY4741; psdi::kanMX6 Open Biosystems
cholA BY4741; chol::kanMX6 Open Biosystems
cho2A BY4741; cho2::kanMX6 Open Biosystems
ino2A BY4741; ino2::kanMX6 Open Biosystems
opi3A BY4741; opi3::kanMX6 Open Biosystems
fzolA BY4741; fzo1::kanMX6 Open Biosystems
fmp30A BY4741; fmp30::kanMX6 Open Biosystems
atg8A BY4741; atg8::kanMX6 Open Biosystems
spf1A BY4741; spfl::kanMX6 Open Biosystems

psd1A-ERG6-RFP

psd1A-PEX6-RFP

Plasmid

pAG426GAL

PAG425GAL

pRS315

PAG426-a-syn

pPAG425-a-syn

pAG426-a-syn—-GFP
pAG426-a-syn-RFP

pMCzZ-Y

pRS315-Fur4-EGFP
YIPlac204TKC-DsRed-Express2-HDEL
pRS315-preKar2-DsRed-Express2—HDEL
pRS416-DIp2-GFP

psd1A;erg6::ERG6-mCherry-SpHIS5
psd1A;pex3::PEX3-mCherry-SpHIS5
Description

2 p, URA3, Pgars

2 M LEUZ, PGAL1

CEN plasmid, LEU2

pAG426GAL, PGAU—(X-Syn
PAG425GAL, PgapL1—a-syn
pAG426GAL, PGAU—(x—Syn—GFP
pAG426GAL, Pga1—a-syn—RFP
UPRE-CYC1-LacZ on 2 p plasmid
pRS315, PgaL1—Furd—-EGFP

DsRed with ER localization signal HDEL
pRS315 inserted with DsRed—HDEL
pRS416, PDLD2—GFP

This study
This study
Source
Addgene
Addgene
Kelly Tatchell
(14)

(12)

This study
This study
David J. Eide
This study
Addgene
This study
Zhengchang Liu

Wang et al. www.pnas.org/cgi/content/short/1411694111

6 of 6


www.pnas.org/cgi/content/short/1411694111

