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A peroxisome biogenesis deficiency prevents the binding
of alpha-synuclein to lipid droplets in lipid-loaded yeast
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Using a yeast model of Parkinson’s disease, we found that alpha-synuclein (aS) binds to lipid droplets in
lipid-loaded, wild-type yeast cells but not to lipid droplets in lipid-loaded, peroxisome-deficient cells
(pex3D). Our analysis revealed that pex3D cells have both fewer lipid droplets and smaller lipid droplets
than wild-type cells, and that the acyl chains of the phospholipids on the surface of the lipid droplets
from pex3D cells are on average shorter (C16) than those (C18) on the surface of lipid droplets from
wild-type cells. We propose that the shift to shorter (C18 ? C16) acyl chains contributes to the reduced
binding of aS to lipid droplets in pex3D cells.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Alpha-synuclein (aS) is a presynaptic protein that has been
linked to Parkinson’s disease (PD) [1,2]. aS is thought to be a chap-
erone that helps catalyze the fusion of neurotransmitter vesicles
with the presynaptic membrane [3]. A persistent increased level
of aS due to multiplication of the aS locus [4], posttranslational
modifications [5], or mutations [6–8] triggers this protein to self-
associate into a plethora of high molecular mass soluble and insol-
uble species, some of which are toxic and capable of spreading
pathology from cell to cell [9].

aS binds to vesicles and membranes [10] and even lipid drop-
lets [11]. The rules that govern the binding of aS to these structures
have not been completely elucidated. Several groups [12–14] have
demonstrated that aS senses membrane curvature and particularly
binds to vesicles of high curvature or small diameter, such as pre-
synaptic vesicles (diameter �50 nm). Here, using a yeast model of
PD, we report that aS binds to lipid droplets in lipid-loaded, wild-
type cells, whereas it fails to bind to lipid droplets in a lipid-loaded,
peroxisome-deficient mutant (pex3D), which is similar to human
Zellweger cells [15]. A lipid droplet has an inner core of neutral lip-
ids and an outer monolayer of phospholipids. Determining the
morphological and compositional changes in lipid droplets that oc-
cur due to the loss of peroxisome function could lead to a deeper
understanding of the molecular determinants that govern the
binding of aS to cell membranes.

2. Materials and methods

2.1. Strains, media and reagents

The Saccharomyces cerevisiae wild-type strain BY4741 was used
in this study. Information on strains and plasmids are given in the
Supplementary data (Table S1). For induction of lipid droplets and
peroxisomes, cells were pre-grown in synthetic complete (SC)
medium (0.67% yeast nitrogen base (YNB), 0.2% amino acids drop-
out mix) without uracil supplemented with 2% sucrose (SC-Ura/
Suc) to exponential phase, and then shifted into inducing medium
SC-Ura/Oleate (SC-Ura medium supplemented with 0.5% Oleate
and 0.2% Tween 40). For microscopy and lipid droplet preparation,
the cells were harvested after 24 h induction at 30 �C. All chemicals
were purchased from Sigma.

2.2. Lipid droplet isolation

Wild-type and pex3D cells were pre-grown in SC-sucrose med-
ium (0.67% yeast nitrogen base (YNB), 0.2% amino acids dropout
mix and 2% sucrose) to OD600 = 1 and then shifted into SC-Ura/Ole-
ate for 24 h. We closely followed the lipid droplet isolation proce-
dure given in [16] (see Supplementary data for details). Cells were
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cultured in liquid media with shaking, harvested after 24 h, and
then treated with zymolyase to remove the cell wall. The resultant
spheroplasts were homogenized and subjected to several centrifu-
gation steps. Lipid droplets were recovered from the top of the gra-
dient, chemically extracted and subjected to lipidomic analysis by
mass spectrometry.

2.3. Mass spectrometry

Total lipids from lipid droplet samples were extracted in hot
isopropanol (70 �C) with intermittent vortexing followed by addi-
tion of CHCl3 and water for monophasic extraction [17]. Samples
that were to be analyzed by direct-infusion electrospray ionization
mass spectrometry (ESI-MS) analysis were spiked with an internal
standard mixture composed of Tri15:0-triacylglycerol (TAG),
Tri21:0-TAG, 13:0-cholesteryl ester, 19:0-cholesteryl ester,
Di14:0-phosphatidylcholine (PC), Di14:0-phosphatidylethanol-
amine (PE), and Di14:0-phosphatidic acid (PA). Neutral lipids
(e.g., sterols, steryl esters (Stes), TAGs) were fractionated from po-
lar lipids by silica gel column chromatography in hexane: diethyl
ether 4:1 by volume (Supelco Discovery DSC-Si 6 ml, 500-mg solid
phase extraction cartridges). Polar lipids (mostly phospholipids)
were eluted with methanol then columns rinsed with CHCl3 to
elute any remaining lipids. Organic solvents were evaporated off
under nitrogen, and samples were resuspended in 200 ll metha-
nol/CHCl3, and stored under nitrogen at �20 �C until analysis. For
ESI-MS analysis, lipid extracts were diluted in either 1:2 or 1:1
(v/v) chloroform:methanol plus 10 mM ammonium acetate and
were infused at flow rates of 5–10 ll/min into an electrospray
source (4 kV spray voltage) of a Thermo TSQuantum triple quadru-
pole mass spectrometer (Thermo Fisher Scientific). Neutral lipids
and phospholipid molecular species were identified in precursor-
Fig. 1. aS binds to lipid droplets in lipid-loaded, wild-type cells but not in lipid-loaded, p
medium and then shifted into SC-oleate medium for 20 h at 30 �C to induce GFP-aS expre
3xGFP-aS cells were transformed with the plasmid pRS315-PEX3-Myc and then pre-gro
product scans of each class and quantified against internal stan-
dards as described [18].

2.4. Microscopy and Western blotting

Details regarding confocal microscopy and statistical analysis of
the data may be found in Supplementary data, and details regard-
ing transmission electron and wide-field microscopy [19] and
Western blotting [20] were previously published.

3. Results and discussion

We discovered that aS binds to lipid droplets in lipid-loaded,
wild-type yeast cells. To identify mutants with enhanced binding
of aS to lipid droplets or with no binding at all, selected mutants
from the yeast deletion collection were evaluated under lipid load-
ing conditions. Two peroxisome biogenesis mutants (pex2D and
pex3D) were identified that were noteworthy, and here we focus
on pex3D.

3.1. aS binds to lipid droplets in lipid-loaded, wild-type cells but not in
lipid-loaded, pex3D cells

To detect the binding of aS to lipid droplets in yeast cells, two
strains were engineered to express fluorescently tagged fusions
of both aS and Erg6, which is a resident lipid droplet protein
[21]. Strain wt-3xGFP-aS, which was constructed from the paren-
tal BY4741 strain, contained three integrated copies of GFP-aS
(GFP, green fluorescent protein), where each copy was under the
control of a fatty acid promoter (PFAA2), and chromosomal ERG6
was replaced with ERG6-mCherry. The Erg6-mCherry fusion pro-
tein is referred to below as Erg6-RFP (RFP, red fluorescent protein).
ex3D cells. Strains (wt-3xGFP-aS and pex3D-3xGFP-aS) were pre-grown in sucrose
ssion. Cells were imaged by confocal microscopy. To investigate PEX3 rescue, pex3D-
wn and induced like the other strains. Scale bar, 5 lm.
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Strain pex3D-3xGFP-aS, which is otherwise identical to the above
strain, had PEX3 deleted. Cells were grown in liquid media with
oleate as the main carbon source and visualized by confocal and
fluorescence microscopy.

Fig. 1 (and Fig. S1A) shows wt-3xGFP-aS cells displaying GFP-aS
fluorescence around the perimeter of the cell, which is consistent
with binding to the plasma membrane, and GFP-aS fluorescence
also occurred in multiple circular patterns inside the cells (top left).
The same cells were also imaged for lipid droplets, which appear
red because Erg6-RFP decorates the surface of the droplets (top
middle). The merged image (top right), which shows overlap of
the red and green fluorescence, indicates that GFP-aS binds to
the lipid droplets in wild-type cells. In contrast, GFP-aS failed to
bind to the lipid droplets in identically treated pex3D cells
(pex3D-3xGFP-aS) (middle panels), which are devoid of peroxi-
somes (Fig. S2). Strikingly, the binding of GFP-aS to lipid droplets
was restored when PEX3 was added back on a plasmid (bottom
panels) (Fig. S1B). The results show that although lipid droplets
form in cells devoid of peroxisomes, such lipid droplets, unlike
their counterparts in wild-type cells, cannot bind aS.
Fig. 2. aS expression and lipid droplet size in lipid-loaded cells. (A) Western blot
analysis of wild-type and pex3D expressing aS. The strains were transformed with
the 2l plasmid pESC-PFAA2-aS, pre-grown in sucrose medium, and then induced for
20 h in SC-oleate. Pgk1 was used as a loading control. (B and C) Plots of frequency
versus lipid droplet area. The two strains, wt-3xGFP-aS and pex3D-3xGFP-aS, were
induced for 20 h at 30 �C. Fluorescence microscopy was used to estimate diameter
(area) (see Fig. S4A), and these results are shown in (B). Transmission electron
microscopy was also used to estimate area (see Fig. S4B), and these results are
shown in (C). (See Supplementary data for details.).
The variables that govern the binding of aS to lipid droplets are
(i) the level of aS expression, (ii) the size of the lipid droplets and
(iii) the composition of the lipid droplets. Each of these variables
was evaluated in wild-type and pex3D cells.

3.2. aS expression

Western blot analysis was conducted to ascertain aS expression
levels in lysates of wild-type (t-3xGFP-aS) and pex3D (pex3D-
3xGFP-aS) cells. Because the aS expression levels were similar in
the two strains (Fig. 2A), the differences in aS binding to the lipid
droplets from the two different strains cannot be due to the level of
the aS protein.

3.3. Lipid droplet size and number

Lipid droplet size was estimated using fluorescence microscopy
and transmission electron microscopy (TEM) (Fig. 2B and C;
Fig. S3). For the fluorescence measurements, lipid droplets in
wild-type and pex3D cells were detected using strains expressing
Erg6-RFP, and the diameters of the droplets from multiple cells
were measured. The resultant frequency versus area plot shows dif-
ferences with respect to both lipid droplet size and number be-
tween the two strains (Fig. 2B). The lipid droplets in pex3D cells
were on average smaller (by �50%) than the droplets in wild-type
cells. For the TEM measurements, the areas of the lipid droplets
from multiple cells of each strain were measured using Image J
software. The resultant frequency versus area plot also shows dif-
ferences with respect to both lipid droplet size and number be-
tween the two strains (Fig. 2C). In this case, the lipid droplets in
pex3D cells were on average smaller (by �25%) than the droplets
in wild-type cells. Although the fluorescence technique gave larger
lipid droplet sizes than TEM, both techniques revealed that lipid
droplets in pex3D cells are smaller (by �25–50%) than the droplets
in wild-type cells. Given the known propensity of aS to bind to ves-
icles of high curvature, one might expect that lipid droplets from
pex3D cells, which have smaller diameters and hence higher curva-
ture than lipid droplets from wild-type cells, would bind aS better
than droplets from wild-type cells. But this was not the case.

Using TEM, we also determined that there were on average few-
er lipid droplets in pex3D cells (3.8 ± 0.1/cell) than in wild-type
cells (5.4 ± 0.1/cell). This difference in lipid droplet number be-
tween the two strains was statistically significant (p = 6.3 � 10�5,
student’s t test; 417 lipid droplets counted in 110 pex3D cells
and 649 lipid droplets counted in 121 wild-type cells).

3.4. Lipid droplet composition

To probe the composition of lipid droplets, we isolated lipid
droplets, separated the phospholipids from the neutral lipids, and
performed mass spectrometry to identify the components. Phos-
pholipids [PC, PE, phosphatidylinositol (PI) and phosphatidylserine
(PS)] and neutral lipids [Stes and TAGs] were analyzed. The major
findings were: (i) Phospholipid monolayer: The monolayer is pre-
dominantly composed of the phospholipids PC and PE for the lipid
droplets from both strains (Fig. 3A). (ii) Shortened acyl chains in
phospholipid monolayer: Lipid droplets from pex3D cells had a
smaller percentage of both 36-carbon (C18/C18 at sn-1/2 positions)
phospholipids (see Fig. 3B and C, Fig. S4 A and B) and 54-carbon
(C18/C18/C18) TAGs than the droplets from wild-type cells
(Fig. S4C). In parallel, lipid droplets from pex3D cells had a larger
percentage of both 32-carbon (C16/C16 at sn-1/2 positions) phos-
pholipids and 50-carbon (C16/C16/C18, sn position on glycerol not
defined) TAGs than the droplets from wild-type cells (Fig. 3B and
C; Fig. S4 A–C). (iii) Steryl esters: lipid droplets from pex3D and



Fig. 3. Identification and quantitation of molecular species in lipid droplets isolated from wild-type and pex3D cells. (A) The phospholipid content of lipid droplets. (B and C)
Analysis of PC and PE molecular species. (D) Steryl esters (Ste). Plot shows the percent of steryl esters in terms of total neutral lipids.⁄P-values (p < 0.05, ⁄⁄p < 0.01) were
determined using a student’s t test (N = 3).

S. Wang et al. / Biochemical and Biophysical Research Communications 438 (2013) 452–456 455
wild-type cells had 6% and 2% steryl esters in total neutral lipids,
respectively (Fig. 3D).

A mix of electrostatic and hydrophobic interactions governs the
binding of aS to biological membranes. The positively charged ly-
sine residues of aS are attracted to negatively charged phospho-
lipid head groups, and the hydrophobic side chains of aS
intercalate into the membrane and are attracted to the hydropho-
bic acyl chains [22]. These two modes of binding enable aS to bind
to vesicles composed of either negatively charged phospholipids or
zwitterionic phospholipids like PC and PE [23]. Two groups have
shown that the strength of the binding of aS to neutral, small uni-
lamellar vesicles correlates with the hydrophobicity (length) of the
acyl chains [22,23]. We propose that the shift to the shorter and
hence less hydrophobic C16 acyl chains contributes to the reduced
binding of aS to the lipid droplets in pex3D cells.

We have shown that a relatively small change in the hydropho-
bicity of a lipid surface can influence the binding of aS, and the bio-
logical significance of this finding is as follows. If the function of aS
is linked to its ability to bind membranes and vesicles (as is gener-
ally thought), then the failure to bind to these structures, perhaps
due to age-related changes in the phospholipid acyl chain hydro-
phobicity (chain length or saturation), could result in a loss of aS
function and consequent neurodegeneration.
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