Urinary 8-
hydroxydeoxyguanosine
levels as a biomarker
for progression of
Parkinson disease

Abstract—8-Hydroxydeoxyguanosine (8-OHdG) has been used to evaluate ox-
idative stress. The authors investigated urinary 8-OHdG levels in 72 patients
with Parkinson disease (PD) and in normal and disease control groups. The
mean urinary 8-OHdG increased with the stage of PD and was not influenced
by the current dose of DOPA. Our results suggest that urinary 8-OHdG is a
potentially useful biomarker for evaluating the progression of PD.
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Oxidative damage to DNA is thought to be involved
in aging and various diseases. Reactive oxygen spe-
cies (ROS) including hydroxyl radical and H,O, react
with guanine residues in DNA and produce
8-hydroxydeoxyguanosine (8-OHdG). Conversely, ox-
idized DNAs are continuously repaired to prevent
mutagenesis, and the excised 8-OHdAG is excreted in
the urine, which is considered a key biomarker of
oxidative DNA damage.

Although the primary cause of Parkinson disease
(PD) is still unknown, oxidative stress and mitochon-
drial respiratory failure are implicated in the loss of
dopaminergic neurons. Indeed, several lines of evi-
dence implicate enhanced oxidative stress in the
pathogenesis of PD, dopamine being one of the main
candidates. The beneficial effects of levodopa in the
treatment of PD are beyond doubt; however, the con-
troversy about its accelerating effects on the neuro-
toxic process is still under discussion.

Recently, urinary levels of 8-OHdG were mea-
sured in patients with cancer and diabetes mellitus
to evaluate the clinical stage or the response to ther-
apy.l? In PD, there is an apparent selective increase
in 8-OHdG levels in the substantia nigra.? Moreover,
the 8-OHdG levels in serum and CSF are increased
in these patients.? Based on this background, we pos-
tulated that if positive, urinary 8-OHdG could be a
good biomarker for PD.

Methods. We studied 72 patients with PD (mean age 67.3 = 1.6
years, = SEM, range 47 to 88), 16 patients with multiple system
atrophy (MSA) (age 63.7 = 1.7 years, range 51 to 79), and 48
normal controls (age 57.5 + 0.6 years, range 41 to 85). Diagnosis
of MSA was based on the criteria of Gilman et al.® and that of PD
on those of Calne et al.® PD was classified into five stages? (table).
Smokers and obese subjects were excluded from the study because
these factors influence urinary 8-OHdG. Except for one patient,
patients with MSA could not walk alone and were classified as
stage V of Yahr classification. The mean disease duration in MSA
patients was 7.8 * 1.4 years. The study protocol was approved by
the Human Ethics Review Committee of Juntendo University
School of Medicine.

Urinary 8-OHdG concentrations were measured using an
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ELISA using a monoclonal antibody specific for 8-OHdG (Nippon
Yushi, Tokyo, Japan). Urine samples were obtained from each
individual in the morning (between 9 to 12 aM) and immediately
stored at —80 °C. Patients and controls avoided physical activity
in the last 24 hours before urine sampling. In hospitalized pa-
tients with an indwelling urinary catheter, we clamped the cathe-
ter in the morning and collected urine samples after a fixed period
of time. Urine samples were centrifuged at 1000g for 15 minutes
at 4 °C and the supernatant was used for 8-OHdG measurement.
ELISA was carried out in triplicate and in a blinded fashion, and
the average value was used for statistical analysis. The sensitivity
of ELISA ranged from 0.5 to 200 (X10 % mg/dL). We also mea-
sured urinary creatinine (mg/dL) and 8-OHdG values were ex-
pressed relative to urinary creatinine [urinary 8-OHAG/
creatinine] (x107%) to adjust for muscle mass. For statistical
analysis, the Student ¢-test was used for paired comparisons. All
data were expressed as mean = SEM. A p value less than 0.05
denoted a significant difference.

Results. Urinary 8-OHdG/creatinine ratio ranged from
6.61 to 23.18 in normal controls, 11.90 to 68.69 in PD, and
7.76 to 30.81 in MSA. The mean ratio of patients with PD
was higher than that of age-matched control subjects (p <
0.01) and patients with MSA (p < 0.05, figure 1B. The
ratio correlated with age in normal subjects (r = 0.61, p <
0.01; figure 2A but not in patients with PD (r = 0.37, p =
0.62; figure 2B.

The urinary 8-OHdG/creatinine ratio for each PD stage
was Stage I: 15.0 + 1.1 (range 11.90 to 23.02), Stage II:
22.9 + 1.8 (range 13.47 to 32.00), Stage III: 30.2 *= 3.2
(range 20.53 to 50.11), Stage IV: 36.9 = 2.3 (range 26.72 to
51.00), and Stage V: 46.6 + 2.0 (range 39.76 to 68.69). The
ratio increased significantly with the progression of the
disease (p < 0.01, for Stages I and 11, Stages Il and IV, and
Stages IV and V; figure 1A. There was no correlation be-
tween the current dose of levodopa and urinary 8-OHdG/
creatinine ratio (r = 0.05, p = 0.70; figure 1C.

Discussion. Oxidative DNA damage is implicated
in both aging and PD. QOur results showed a signifi-
cant correlation between urinary 8-OHdG excretion
and the normal aging process. However, no such re-
lationship was noted in patients with PD. These re-
sults suggest the involvement of other causes of
oxidative damage in patients with PD.

Our results showed high urinary 8-OHdG concen-
trations in patients with PD and that these levels
increased with the progression of the disease. It is
noteworthy that the mean level in Stage I was not
different from that of the normal controls (p > 0.05)
and the levels in Stages I and II were not different
from those of MSA. Thus, this biomarker is not suit-
able for early diagnosis of the disease. The cutoff
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Table Clinical characteristics of patients with Parkinson disease and patients with MSA

Parkinson disease stage

MSA
I 11 II1 v v Total total
n 13 16 18 14 11 72 16
Sex, M/F 4/9 6/10 8/10 6/8 4/7 28/44 6/10
Age, y 60.5 62.8 66.2 73.9 75.5 67.3 63.7
Duration of disease, y 5.7 7.2 10.0 11.3 14.1 9.4 7.8
Levodopa, mg/d 350 422 456 571 350 435 325
MSA = multiple system atrophy.
ratios were 23.18 for normal controls and 30.81 for
**p< 0,04 . . . .
A " patients with MSA. The ratio exceeded 30.81 only in
60 - wa s patients with PD. High 8-OHdG levels in PD may be
~ s due ‘to parklnsonlsm including rigidity. ng}dl'&y may
2 be viewed as a physical exercise load. In this regard,
Py “ previous studies showed that urinary 8-OHAG levels
5 30 in physically trained individuals were not different
2 2 from healthy control subjects and suggested that ex-
€ ercise training may enhance antioxidant defense
\ . . . . mechanisms in human skeletal muscles. It is possi-
Stage | Stage Il Stage Il Stase IV Stape V ble that the level of systemic physical stress in pa-
age age age age age - .
& & € e € tients with PD may exceed the level that could be
handled by the defense mechanisms compared with
B 50 *p< 0.0 continuous physical exercise.
*p< 001 Another potential mechanism for the increased
“ . . 8-OHdG in PD is systemic mitochondrial failures in-
I 1T ] cluding brain, platelets, and skeletal muscles. Mito-
< chondria are the most important intracellular source
= 30 of ROS. In particular, systemic mitochondrial dys-
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Figure 1. (A) The mean urinary 8-hydroxydeoxyguanosine 2
(8-OHdG) Icreatinine ratio increased with the stage of Par- 10 r

kinson disease (PD). (B) The mean ratio was significantly
higher in PD than in age-matched controls and patients
with multiple system atrophy. (C) The current dose of levo-
dopa did not influence the urinary 8-OHdG/creatinine ra- Figure 2. Urinary 8-hydroxydeoxyguanosine/creatinine
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0.05, **p < 0.01.
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(Cre) ratio of normal subjects (r = 0.61, p < 0.01) (A) and
patients with Parkinson disease (r = 0.37, p = 0.62) (B).



function is considered in PD. In this regard, an ap-
parent selective increase in 8-OHdG levels in the
substantia nigra was reported. However, the charac-
teristically high levels of the urinary 8-OHdG/creati-
nine ratio in our patients suggest that the
mitochondrial disturbance is not solely limited to the
brain but also spread over other organs such as skel-
etal muscles and platelets. In fact, we found no in-
crease in 8-OHAG levels in patients without PD with
cerebral thrombosis or embolism vs normal controls
(p > 0.05 data not shown). Thus, it is unlikely that
the source of high urinary 8-OHdG is the brain. The
most likely organ responsible for increased 8-OHdG
is skeletal muscle because the muscle tissue largely
depends on an efficient oxidative energy metabolism.
Previous studies reported mitochondrial dysfunction
in skeletal muscles in PD.® We postulate that uri-
nary 8-OHdG in PD reflects increased systemic lev-
els of oxidative DNA damage in skeletal muscles.

Previous studies also evaluated 8-OHdG levels in
various biological samples of PD patients. Mean con-
centrations of 8-OHdG in the serum and CSF were
significantly high in PD, but the CSF concentration
was generally much lower than expected considering
serum 8-OHAG concentrations.* In this regard, it is
possible that the presence of serum proteins could
result in overestimation of serum 8-OHdG. Further-
more, others showed higher lipoprotein oxidation in
plasma and CSF applying the lipoprotein kinetics
curve.’® However, our assay with ELISA using uri-
nary samples allows easier evaluation of the oxida-
tive status, and it is simple and noninvasive. We
evaluate 8-OHdG levels in various stages of the
disease.

Analysis of the relationship between levodopa and
oxidative damage showed no correlation between

8-OHdG and the mean current dose of levodopa. Do-
pamine is metabolized by monoamine oxidase to gen-
erate reactive and toxic hydroxyl radicals. Our data
suggest that oxidative stress is not dependent on the
current dose of levodopa. Considering that 8-OHdG

- levels correlated with Hoehn and Yahr stage of the

disease, it is possible that cumulative exposure to
levodopa could influence PD progression. However,
the systemic neurotoxic effects of levodopa are still
not clear at present.
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Abstract

In this report, we evaluated the allele frequency of the D/N394 single nucleotide polymorphism (SNP) in exon 11 of the parkin gene in 200
Japanese patients with sporadic Parkinson’s disease (PD) and 200 normal controls. Although the reported allele frequency of G-to-A
(D/N394) is 2% in Caucasians, this SNP was not detected in Japanese patients and healthy controls. Evaluation of L/1272 polymorphism, a
C-to-A transition in exon 7, showed the polymorphism in only six controls, but not in PD patients. Our results suggest that the frequencies of

parkin polymorphisms are different among Asians and Caucasians.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disorder, next to Alzheimer’s disease.
The primary cause of PD is unknown, however, mitochon-
drial failure and oxidative stress are implicated in its
pathogenesis [1,2]. There is general agreement that the
interaction of genetic factors and environmental factors are
involved in the pathogenesis of PD.

Parkin is the causative gene of early onset parkinsonism,
which is characterized pathologically by neurodegeneration
of dopaminergic neurons and gliosis in the substantial nigra,
without Lewy body formation [3]. About 50% of cases with
autosomal recessive early onset PD (AREO-PD) including
autosomal recessive juvenile parkinsonism (AR-JP) cases
and 18% of early onset (<40 years) sporadic PD patients
were found to have mutations in the parkin gene [4]. Most of
the parkin mutations are consistent with autosomal-
recessive mutation [5-8], however, at times PD patients
have a single parkin allele mutation suggestive of a
dominant effect or a haplo-insufficiency [9]; such mutations
might act as a risk factor for sporadic PD.

* Corresponding author. Tel.: +81 3 3813 3111; fax: +81 3 3813 7440.
E-mail address: nhattori@med.juntendo.ac.jp (N. Hattori).

1353-8020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.parkreldis.2005.06.006

At least four polymorphisms of the parkin gene have
been reported so far. Firstly, we reported three polymorph-
isms including S/N167, R/'W366, and V/L380 [10]. Among
them, the frequency of S/N167 in Asian population is
different from that in Caucasians [10-20]—suggesting
geographic and/or racial differences in the frequencies of
parkin gene polymorphisms. Thus, it is important to
determine the frequency of the parkin gene polymorphisms
in different races. Here, we report the allele frequencies of
L/T272 in exon 7 and D/N394 in exon 11 of the parkin gene
in Japanese patients with sporadic PD since no information
on the allelic frequency of both SNPs is currently available.
In addition, we compare the frequencies of the parkin gene
polymorphisms between Asians and Caucasians based on
the results of the present study and those published by other
investigators [10-20].

2. Subjects and methods

2.1. Subjects

The subjects of this study were 200 (82 males and 118
females) patients with sporadic PD and 200 (101 males and
99 females) control subjects free of neurodegenerative
disorders. The recruited patients were from the Department
of Neurology at Juntendo University School of Medicine,
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Tokyo. Some of the control subjects were the spouses of the
PD patients studied. The diagnosis of PD was based on
international criteria [21] and included the presence of two
or more cardinal clinical features of the disease (e.g.
bradykinesia, resting tremor, cogwheel rigidity, and
postural reflex impairment). The onset of the disease in all
PD patients studied was after the age of 40 years. The
mean+SD age at the onset of the disease was 56.7+10.7
years. The mean age of control subjects was 58.3+16.3
years. The study was approved by the ethics review
committee of Juntendo University.

2.2. Methods

2.2.1. DNA isolation

Human genomic DNA as a template for polymerase
chain reaction (PCR) was isolated from peripheral blood
leukocytes according to the standard methods using a
QIAamp DNA Blood Maxi Kit (50) (Qiagen, Hilden,
Germany) as described previously [22]. Samples were used
as soon as possible and stored at 4 °C until analysis.

2.2.2. Detection of D/N394 using TagMan assay

We identified the polymorphism of D/N394 in the parkin
gene using the TagMan assay for single nucleotide
polymorphism (SNP), which included two TagMan minor
groove binder (MGB) probes and two primers (forward and
reverse) along with the probes. In contrast, polymerase
chain reaction-restriction fragment length polymorphism
(PCR-RFLP) was performed in all the studies that were
reported previously [10-13,15-17,19-20]. The probes and
primers for allelic discrimination assays were designed by
Applied Biosystem (Foster City, CA). Allelic discrimi-
nation of parkin D/N 394 polymorphism was performed by
TagMan assay using the ABI PRISM 7700 Sequence
Detection System. The PCR reactions were carried out on
96-well plates. The SNP analyzed by the TagMan assay was
PCR amplified from genome DNA. All PCR reactions were
run in triplicate, and contained about 100 ng of patient
DNA, 125 ul of TagMan Universal PCR Master and
0.625 pl of Allelic Discrimination Mixture. The latter
consisted of 10 pM Forward primer, 10 M Reverse primer,
5 uM TagMan (FAM) probe, 5 uM TaqMan (VIC) probe,
and Milli Q water 10.875 ul, template 1 pl, with a total
volume of 25 pl. The forward primer sequences used were
5'-AACGCCTTTCCTCTTTGTTTCC-3/, the reverse pri-
mer sequences used were 5-GAGGCTGCTTCC-
CAACGA-3/, the probe sequences of FAM used were 5'-
ACAGAGTCAATGAAAG-3/, the probe sequences of VIC
used were 5'-AGAGTCGATGAAAGAG-3'. Appropriate
negative controls were also run. TagMan assay was
performed on an ABI Prism 7700 Sequence Detection
System (SDS, PE Biosystems). This reaction with allelic
discrimination assays was used under the following
conditions: 50 °C for 2 min, 95 °C for 10 min, and then 35

cycles of amplification (92 °C denaturation for 15 s, and
annealing/extension for 60 s at 60 °C).

After placing the PCR amplification plates in the analysis
plate reader, the fluorescence data were analyzed and
genotypes were classified with the post-PCR read analysis
for allelic discrimination. Furthermore, we compared the
frequencies of the four alleles with one another relative to
the previously reported parkin polymorphisms [10-20].

2.2.3. Detection of L/I1272 using PCR-RFLP method

Exon 7 of parkin gene was amplified by PCR using two
primer pairs (forward primer of L/I272 were 5'-
TGCTGCCTTTCCACACTGAC-3’, reverse primer of
L/1272 were 5'-CATGCTAGACTTACCCACAC-3'). PCR
contained template DNA 1.0 ul (100 ng), 10X PCR buffer
5.0 pl, 2mM dANTP mixture 1.0 ul, 10 pM Sense Primer
(L/1272-S) 1.0 pl, 10 pM Antisense Primer (L/1272-AS)
1.0 pl, AmpliTaq Gold 0.5 pl, and Milli Q 40.5 pl. The PCR
conditions for L/I272 in exon 7 amplification were as
follows: initial denaturation at 94 °C for 10 min was
followed by 40 cycles of denaturation at 94 °C for 30 s,
annealing at 57 °C for 30 s, and extension at 72 °C for 30 s,
with a final extension at 72 °C for 10 min. The polymorph-
ism at amino acid position 272 in exon 7 was analyzed by
digestion with Tfil (New England BioLabs Inc.). The L/1272
polymorphism allele created a restriction site for Tfl.
Restriction Enzyme Digestion contained 10 ul of PCR
products, 2.0 ul of 10X NEB Buffer 3, 0.5 ul of TfiI (5
units/ul), and 7.5 pl of Milli Q. The reaction lasted 4 h at
65 °C. Finally, 10 ul of the reaction product was applied for
2% agarose gel electrophoresis and stained with ethidium
bromide.

2.2.4. Statistical analysis

Statistical Analysis was performed using StatView-J
version 4.02 (Abacus Concept, SAS, Inc., San Francisco,
CA) employing the x*-test and Fisher’s exact probability. In
addition, we compared the frequencies of the parkin gene
polymorphisms among different ethnic populations based
on the results of previous studies [10-22]. Finally, we
compared the frequencies of each SNPs between Asians and
Caucasians using the data reported in the literature [10-20].

3. Results

Regarding SNP analysis on D/N394, the frequency of
allele G was 100%, in both PD patients and the control
subjects (Table 1). We also confirmed the polymorphisms of
D/N394 in the parkin gene using the ABI PRISM 7700
Sequence Detection System and TagMan assay (Fig. 1).
These results indicated no differences in the genotypes in
SNP of D/N394 between Japanese PD patients and the
control subjects. Regarding the L/I272 polymorphism, all
PD patients and 98.5% of the control subjects had allele C;
only six normal control subjects had allele A in
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Table 1
Allele frequencies of D/N394 and L/1272 polymorphisms in parkin in
sporadic PD and normal control subjects

Control (%) PD (%) Total (%)
Number of subjects 200 200 400
Number of 400 400 800
chromosomes
D/N394 polymorphism
Allele frequency
Allele G 400 (100%) 400 (100%) 800 (100%)
Allele A 0 (0%) 0 (0%) 0 (0%)
L/1272 polymorphism
Allele frequency
Allele C 394 (98.5%) 400 (100%) 794 (99.2%)
Allele A 6 (1.5%) 0 (0%) 6 (0.8%)

There were significant differences in allele frequencies of L/I272
polymorphism in parkin between patients with Parkinson’s disease (PD)
and controls (x2=6.045, df=1, p=0.0139<0.05).

heterozygous state (Table 1 and Fig. 3A) (x2 =6.045,df=1,
p=0.0139<0.05). The results of RFLP on 2% agarose gel
showed L/1272 polymorphism. The wild type allele was
differentiated from the mutant allele after digestion with 7fil
(Fig. 2). We compared the frequencies of four alleles of the
parkin polymorphisms (S/N167, R/W366, V/L380, and D/
N394) with the frequencies reported in previous studies
[10-20] (Fig. 3B-E, Table 2). In addition, the frequencies of
the SNPs including S/N167, R/W366, V/L380, and D/N394
were significantly different between Asians and Caucasians
(Table 3). Among them, the frequency of S/N167 in Asian
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population was higher than in Caucasians. The frequency of
R/W366 polymorphism in Asian population was slightly
higher than in Caucasians. In contrast, the frequencies of V/
L.380 and D/N394 were higher in Caucasians than in Asians.

4. Discussion

In the present study, we analyzed the frequencies of two
polymorphisms of the parkin gene in 200 patients with
sporadic PD and 200 normal control subjects. We found no
statistically significant differences in the genotype and allele
distribution of the D/N394 in exon 11. Our study does not
provide direct evidence that parkin could be interrelated to
sporadic PD either as a risk factor or protective factor.

Our results showed polymorphism of L/A272 in six
controls, suggesting that this polymorphism could be
protective against the development of PD although the
frequency is too small to make a firm conclusion. Its
frequency has not yet been reported in various populations.
Recently, Takao et al. [23] reported the results of autopsy
examination of a patient with L/1272 who showed diffuse
Lewy body disease. They reported also that the 1L/1272
polymorphism was detected in a normal Japanese control.
Therefore, this replacement cannot be considered patho-
genic but rather a rare polymorphism.

A cross comparison of allele frequencies of G-to-A
transition in exon 4 (S/N167) in parkin between
Japanese and other ethnic groups showed that the Japanese
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(Wang et al. [10]; Satoh et al. [11]) were similar to the
Chinese PD (China [14]; Taiwan [15]), but the frequencies
in these two populations were higher than in those reported
in studies from Italy [18], Spain [17], North America [13],
Europe [19,20], and Finland [16]. Furthermore, the R/'W366
was found in Japan [10], and China (Taiwan) [15], but not in
Finland [16] or Italy [18]. The allele frequencies of V/1.380
in parkin reported in studies from Finland [16], Italy [18],
USA [13] and Europe [10-20] were higher than in studies
from Japan [10] and China [15] in patients with PD. The
D/N394 (G-to-A) in exon 11 has also been found in North
America [13], Spain [17], Italy [18], and other European
countries [10-20]. In the present study, this polymorphism
(D/N394) was not found in Japanese patients with sporadic
PD and healthy controls, suggesting that this polymorphism
is very rare. The frequency of S/N167 polymorphism was
higher in Asians than in Caucasians. In contrast, the V/L380
polymorphism was higher in Caucasians than in Japanese.
Considering the racial and geographic distribution, the
S/N167 polymorphism seems to be much older than the
V/L380 polymorphism.
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Table 2
Allele frequencies of S/N167, R/ZW366, V/L.380 and D/N394 polymorphisms in parkin in patients with sporadic PD (SPD) and normal control subjects in
different countries

Japan Japan China China Finland Italy Spain North Europel Europe2
(Wang) (Satoh) (Taiwan) America
S/N167 polymorphism
Allele G (%)
SPD 56.6 60.6 53.4 58.2 99.0 979 980 97.5 91.9 97.5
Control 56.3 66.9 64.9 65.8 99.5 98.5 97.0 98.4 98.0 97.9
Allele A (%)
SPD 434 39.4 46.6 41.8 1.0 2.1 2.0 2.5 2.1 2.5
Control 43.7 331 35.1 342 0.5 1.5 3.0 1.6 2.0 2.1
Genotype GG (%)
SPD 36.9 29.6 24.1 98.0 95.8 95.3 94.9 96.1
Control 36.3 44.0 41.1 99.0 97.0 94.7 96.9 96.0
Genotype GA (%)
SPD 39.4 62.0 58.6 2.0 42 47 5.1 3.9
Control 40.0 45.9 47.6 1.0 3.0 53 31 4.0
Genotype AA (%)
SPD 23.7 8.4 17.3 0 0 0 0 0
Control 23.7 10.1 11.3 0 0 0 0 0
P-value 0.9365 0.23 0.0903 0.1232 0.7111 0.6527 0.8359 0.4532 0.9762 0.5309
R/W366 polymorphism
Allele C (%)
SPD 98.8 99.5 100 100
Control 95.7 99.5 100 99.0
Allele T (%)
SPD 1.2 0.5 0
Control 43 0.5 0 1.0
Genotype CC (%)
SPD 97.5 100 100
Control 91.3 100 98.0
Genotype CT (%)
SPD 2.5 0 0
Control 8.7 0 2.0
Genotype TT (%)
SPD 0 0 0
Control 0 0 0
P-value 0.0168 0.9774 0.1670
V/L380 polymorphism
Allele G (%)
SPD 98.1 929 85.0 86.3 85.5 85.6 85.1
Control 96.6 94.9 83.0 87.5 83.4 78.8 84.1
Allele C (%)
SPD 1.9 7.1 15.0 13.7 14.5 14.4 14.9
Control 3.4 5.1 18.0 12.5 16.6 21.2 15.9
Genotype GG (%)
SPD 96.3 72.1 75.8 72.4 715
Control 93.1 68.6 71.0 75.2 62.4
Genotype GC (%)
SPD 3.7 25.8 21.1 25.5 21.6
Control 6.9 27.7 21.1 21.8 32.8
Genotype CC (%)
SPD 0 2.0 3.1 2.1 0.9
Control 0 3.7 2.0 3.0 4.8
P-value 0.2190 0.4585 0.4094 0.7288 0.7271 0.0077 0.5198
D/N394 polymorphism
Allele G (%)
SPD 98.15 92.0 96.4 96.6 95.3
Control 975 97.0 94.9 95.2 95.1

(continued on next page)
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Table 2 (continued)

Japan Japan China China Finland Italy Spain North Europel Europe2
(Wang) (Satoh) (Taiwan) America
Allele A (%)
SPD 1.85 8.0 3.6 34 4.7
Control 25 3.0 5.1 4.8 4.9
Genotype GG (%)
SPD 93.7 85.9 91.3 93.1
Control 95.0 953 94.4 90.4
Genotype GA (%)
SPD 6.3 129 75 6.9
Control 5.0 4.7 5.6 9.6
Genotype AA (%)
SPD 0 1.2 1.3 0
Control 0 0 0 0

P-value

0.1540 0.0029 0.2240 0.4688 0.8604

Japan Wang (Ref. [13]); Japan Satoh (Ref. [12]); China (Ref. [16]); China Taiwan (Ref. [17]); Finland (Ref. [18]); Italy (Ref. [20]); Spain (Ref. [19]); North

America (Ref. [15]); Europel (Ref. [21]); Europe2 (Ref. [22]).

Table 3
Allele frequencies of V/L380 polymorphism in parkin in Asians and
Caucasians

Asian (%) Caucasians (%) Total (%)

S/N167 polymorphism

Number of subjects 568 1335 1903
Number of 1136 2670 3806
chromosomes

Allele frequency

Allele G 646 (56.9%) 2621 (98.2%) 3267 (85.8%)

Allele A 490 (43.1%) 49 (0.8%) 539 (14.2%)
R/W366 polymorphism

Number of subjects 320 195 515
Number of 640 390 1030
chromosomes

Allele frequency

Allele C 622 (97.2%) 388 (9.5%) 1010 (98.1%)
Allele T 18 (2.8%) 2 (0.5%) 20 (1.9%)
V/L380 polymorphism

Number of subjects 320 1039 1359
Number of 640 2078 2718
chromosomes

Allele frequency

Allele G 623 (97.3%) 1890 (91.0%) 2513 (92.5%)
Allele C 17 2.7%) 188 (9.0%) 205 (7.5%)
D/N394 polymorphism

Number of subjects 400 668 1068
Number of 800 1336 2136
chromosomes

Allele frequency

Allele G 800 (100%) 1275 (95.4%) 2075 (97.1%)
Allele A 0 (0%) 61 (4.6%) 61 (2.9%)

There were significant differences in allele frequencies of S/N167
polymorphism in parkin between Asians and Caucasians (x>=1118.127,
df=1, p<0.0001). There were significant differences in allele frequencies
of R/W366 polymorphism in parkin between Asians and Caucasians (x> =
6.731, df=1, p=0.0095<0.01). There were significant differences in
allele frequencies of V/L380 polymorphism in parkin between Asians and
Caucasians (%*=28.659, df=1, p<0.0001). There were significant
differences in allele frequencies of D/N394 polymorphism in parkin
between Asians and Caucasians (X2=37.601, df=1, p<0.0001).

The above results and those of previous studies [10-20]
suggest ethnic differences in allele frequencies. It is
important to identify the differences in the frequencies
among various populations, because single nucleotide
polymorphism may not only be involved in the pathogenesis
of the disease as a risk or a protective factor, but could also
explain the geographic distribution.
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Considerable genetic and pathological evidence has
implicated the small, soluble protein a-synuclein in the
pathogenesis of familial and sporadic forms of Parkin-
sons disease (PD). However, the precise role of
a-synuclein in the disease process as well as its normal
function remain poorly understood. We recently found
that an interaction with lipid rafts is crucial for the
normal, pre-synaptic localization of a-synuclein. To un-
derstand how a-synuclein interacts with lipid rafts, we
have now developed an in viiro binding assay to rafts
purified from native membranes. Recapitulating the
specificity observed in vivo, recombinant wild type but
not PD-associated A30P mutant a-synuclein binds to
lipid rafts isolated from cultured cells and purified syn-
aptic vesicles. Proteolytic digestion of the rafis does not
disrupt the binding of a-synuclein, indicating an inter-
action with lipid rather than protein components of
these membranes. We have also found that a-synuclein
binds directly to artificial membranes whose lipid com-
position mimics that of lipid rafts. The binding of
a-synuclein to these raft-like liposomes requires acidic
phospholipids, with a preference for phosphatidylserine
(PS). Interestingly, a variety of synthetic PS with defined
acyl chains do not support binding when used individu-
ally. Rather, the interaction with a-synuclein requires a
combination of PS with oleic (18:1) and polyunsaturated
(either 20:4 or 22:6) fatty acyl chains, suggesting a role for
phase separation within the membrane. Furthermore,
a-synuclein binds with higher affinity to arfificial mem-
branes with the PS head group on the polyunsaturated
fatty acyl chain rather than on the oleoyl side chain, in-
dicating a stringent combinatorial code for the interac-
tion of a-synuclein with membranes.

Recent work has indicated an important role for the protein
a-synuclein in the pathogenesis of Parkinsons disease (PD).!
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Mutations in a-synuclein produce a highly penetrant but rare
autosomal dominant form of PD (1-3). In other families, in-
creased dosage of the wild type gene suffices to cause PD (4).
Although mutations in a-synuclein do not contribute to idio-
pathic PD, the brains of most patients contain abundant
a-synuclein in the form of Lewy bodies and dystrophic neurites
(5-7), supporting a role for the protein in sporadic forms of the
disease. However, the mechanism by which «-synuclein con-
tributes to neural degeneration remains poorly understood.

Originally identified as a synaptic vesicle-associated protein,
a-synuclein has been implicated in synaptic plasticity, neuro-
transmitter release, and more specifically, synaptic vesicle re-
cycling (8—12). Despite its specific localization to the nerve
terminal, a-synuclein does not co-fractionate with native mem-
branes in brain extracts, but behaves as a soluble protein
(13—16). The molecular determinants that localize a-synuclein
to the synapse thus remain unknown. However, a-synuclein
can associate with native membranes such as axonal transport
vesicles, lipid droplets produced in HeLa cells by the adminis-
tration of oleic acid, and the membranes of Saccharomyces
cerevisiae (17-19). Importantly, the A30P mutation associated
with familial PD disrupts these interactions. In vitro,
a-synuclein binds directly to artificial membranes containing
acidic phospholipids in a manner that is not sensitive to the
A30P mutation (20-23). The relationship of these observations
to the pre-synaptic localization of a-synuclein has remained
unclear.

Recently, we found that a-synuclein associates specifically
with membrane microdomains known as lipid rafts (24). Lipid
rafts are enriched in cholesterol, sphingomyelin, and phospho-
lipids with saturated long chain fatty acids as well as particu-
lar proteins. Biochemically, they are defined by their insolubil-
ity in cold Triton X-100 and their low buoyant density (25).
a-Synuclein expressed in cultured cells and in brain co-frac-
tionates with detergent-resistant membranes, consistent with
its raft association. Pharmacologic disruption of lipid rafts
eliminates the synaptic enrichment of a-synuclein. The A30P
mutation associated with familial PD also disrupts the raft
association of a-synuclein, and redistributes the protein from
synapses into the axon (24). Binding to lipid rafts thus contrib-
utes to the normal function of a-synuclein by localizing the
protein to the nerve terminal, and may also influence its role in
the pathogenesis of PD.

To define the interaction of a-synuclein with lipid rafts, we

dylserine; GST, glutathione S-transferase; PC, phosphatidylcholine;
MES, 4-morpholineethanesulfonic acid; BB, binding buffer; DRM, de-
tergent-resistant membrane; PK, proteinase K; CBP, calmodulin-bind-
ing peptide; SM, sphingomyelin; CHAPS, 3-[(3-cholamidopropyl)di-
methylammonio]-1-propanesulfonic acid.

This paper is available on line at http://www.jbc.org
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have developed an in vitro assay for binding to membranes
prepared from native tissue. Using this assay, recombinant
wild type a-synuclein binds saturably and with high affinity to
lipid rafts isolated from HeLa cells and rat brain, and the A30P
mutation disrupts the interaction. The assay thus faithfully
recapitulates the specificity of raft association observed in cells
(24). Proteolytic digestion of the raft fraction does not reduce
raft association in vitro, indicating a direct interaction of
a-synuclein with the membrane. Confirming a direct lipid in-
teraction, a-synuclein binds to artificial membranes mimicking
the composition of lipid rafts (25). Consistent with previous
reports (20, 26, 27), the interaction of a-synuclein with raft-like
liposomes requires phospholipids with an acidic head group,
with a strong preference for phosphatidylserine (PS). In con-
trast to previous studies, however, our assay reveals specific
requirements for the acyl chain composition of PS. A variety of
synthetic PS with single defined acyl chains do not support
binding of a-synuclein. Rather, binding requires a combination
of PS with oleic (18:1) and polyunsaturated (20:4 and 22:6)
fatty acyl chains, suggesting that a phase transition contrib-
utes to the association with lipid rafts. Furthermore,
a-synuclein binds preferentially to membranes with PS on the
polyunsaturated acyl chain, indicating the coordinate recogni-
tion of head group in the context of a specific side chain.

EXPERIMENTAL PROCEDURES

Materials—Antibodies to human a-synuclein (15G7), rat a-synuclein
(Synl), VGLUT1, GST, and CD55 were obtained from, respectively,
Alexis Biochemicals (San Diego, CA), BD Biosciences (San Diego, CA),
Chemicon (Temecula, CA), Molecular Probes (Eugene, OR), and Santa
Cruz Biotechnology (Santa Cruz, CA). Secondary antibodies conjugated
to horseradish peroxidase were purchased from Amersham Biosciences.
Secondary antibodies conjugated to fluorescein isothiocyanate or Cy3
and Alexa 647-conjugated Annexin V were obtained from Jackson Im-
munoResearch (West Grove, PA) and Molecular Probes (Eugene, OR),
respectively. Cholesterol, brain sphingomyelin (SM), brain PS, egg
phosphatidic acid, brain phosphatidylcholine (PC), brain phosphati-
dylethanolamine, 1,2-distearoyl-sn-glycero-3-phosphoserine (18:0 PS),
1,2-dioleoyl-sn-glycero-3-phosphoserine (18:1 PS), 1,2-diarachidonoyl-
sn-glycero-3-phosphoserine (20:4 PS), and 1,2-didocosahexaenoyl-sn-
glycero-3-phosphoserine (22:6 PS) were obtained from Avanti Polar
Lipids (Alabaster, AL).

Molecular Biology and Cell Culture—The construction of a-synuclein
¢DNAs and purification of bacterial fusion proteins has been described
previously (24). HeLa cells were grown in Dulbecco’s modified Eagle’s
medium with 10% cosmic calf serum (HyClone, Logan, UT) at 37 °C and
5% CO,. Dissociated hippocampal cultures containing glia were pre-
pared from embryonic (E18.5) rats and maintained in Neurobasal me-
dium (Invitrogen, San Diego, CA) for 2-3 weeks (28).

Preparation of Synaptic Vesicles from Rat Brain—Synaptic vesicles
were prepared as previously described (29, 30). Briefly, the cortices of
200-g male Sprague-Dawley rats were homogenized in 0.32 M sucrose, 4
mM HEPES-NaOH, pH 7.4, 1 mM NaF, 1 mM Na,VO,, 10 uM leupeptin,
1 ;1M pepstatin, 1 mM phenylmethylsulfonyl fluoride, containing phos-
phatase inhibitor mixtures I and II (Calbiochem, La Jolla, CA) (HB).
Cell debris was removed by centrifugation at 1,350 X g for 10 min at
4 °C, and crude synaptosomes were sedimented at 12,000 X g for 10 min
at 4 °C. The synaptosomal pellet was washed in HB, sedimented at
13,000 X g for 15 min, and the resulting pellet lysed by hypo-osmotic
shock in ice-cold water containing protease and phosphatase inhibitors.
Lysed synaptosomes were adjusted to 9.3 mm HEPES, pH 7.4, and
synaptic plasma membrane removed by centrifugation at 33,000 x g for
20 min, The resulting supernatant was further sedimented at
260,000 % g for 2'h to pellet synaptic vesicles, which were resuspended
in 25 mM MES, 80 myM NaCl (binding buffer, BB) containing protease
and phosphatase inhibitors as above.

Isolation of Detergent-resistant Membranes (DRMs)—DRMs were
isolated from HeLa cells and synaptic vesicles as previously described
(24, 31). Briefly, HeLa cells (1 X 107) or synaptic vesicles (200 pg of
protein) were resuspended in 1 ml of BB containing 1% Triton X-100
and incubated on ice for 30 min with Dounce homogenization every 10
min. The resulting extract was adjusted to 42.5% sucrose, overlaid with
5 ml each of 35 and 5% sucrose in BB, and sedimented at 4°C in a
Beckman SW41 rotor at 275,000 X g for 18 h. Lipid rafts (250 ul) were
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collected at the interface between 5 and 35% sucrose, and stored at 4 °C
until use.

Proteinase K (PK) Digestion—100 pl of isolated DRMs were dialyzed
against 50 mM Tris-HCl, pH 8.0, 50 mM NaCl, and incubated with 10 pl
of PK-agarose (Sigma) at 30 °C with rotation for the times indicated.
The reaction was terminated by sedimentation of the PK-agarose. PK-
treated rafts were subjected to electrophoresis through Criterion Tris-
HCI polyacrylamide gels (Bio-Rad) followed by staining with the
GelCode SilverSNAP Stain Kit (Pierce).

Preparation of Liposomes—Lipids of interest were mixed in chloro-
form, and the solvent evaporated under nitrogen. The resulting lipid
film was dried under vacuum for 20 min and re-hydrated at a concen-
tration of 2.5 mM in BB followed by vortexing. Small unilamellar vesi-
cles were prepared by five 1-min sonication and freeze/thawing cycles,
stored in the dark at 4 °C under nitrogen, and used within 1 week of
production,

In Vitro Binding Assay—Recombinant a-synuclein, fused at its N
terminus to the 41-residue calmodulin-binding peptide (CBP), was com-
bined with 100 11 of DRMs or 5 pul of liposomes in BB containing 1%
bovine serum albumin as nonspecific competitor, and incubated at
30 °C for 30 min. Sucrose was then added to a final concentration of
42.5%, the mixture was overlaid with 2 ml of 35% and 2 ml of 5%
sucrose in BB, and sedimented at 4 °C in a Beckman SW55 rotor at
275,000 X g for 18 h. Ten 0.5-ml fractions were collected from the top of
the gradient and either used immediately or stored at —80 °C until use,
with no differences observed between unfrozen and frozen material
(data not shown). Equal volumes of each fraction were separated by
electrophoresis as above, electrotransferred to polyvinylidene difluo-
ride, immunostained with appropriate antibodies, and detected using
West Pico SuperSignal (Pierce). For quantitative Western blotting,
protein bands were quantified using the Chemilmager System (Alpha
Innotech, San Leandro, CA). Every experiment was performed inde-
pendently at least twice. Unless indicated otherwise, all experiments
involved the CBP fusion to a-synuclein.

Purification of Baund a-Synuclein for Mass Spectrometry—Binding
was performed as above using a final concentration of 1 mM liposomes
and 8 uM a-synuclein. Membrane-associated a-synuclein was col-
lected from the 5/35% sucrose interface, solubilized in 20 mm CHAPS,
the micelles were removed by centrifugation through a 10-kDa mo-
lecular mass cutoff Amicon Ultra filter (Millipore, Bedford, MA), and
the buffer exchanged to 100 mM ammonium bicarbonate. For further
purification, concentrated a-synuclein was separated by size exclu-
sion chromatography on a Superose 12 column (Amersham Bio-
sciences) in 100 mM ammonium bicarbonate at a flow rate of 0.2
ml/min. Fractions containing a-synuclein were identified by Western
blotting and dried under vacuum centrifugation. Each sample was
then digested overnight with 100 ng of trypsin (sequencing grade
modified, Promega, Madison, WI) in 25 mM ammonium bicarbonate.
Samples were analyzed by liquid chromatography-mass spectrometry
using a nano-LC system (Eksigent, Livermore, CA) to separate sam-
ples for on-line analysis using a QSTAR mass spectrometer (Sciex,
Concord, Ontario, Canada). The resulting data were analyzed using a
combination of manual analysis and automated analysis with the
locally developed Protein Prospector suite of proteomic tools
(www.prospector.ucsf.edu).

Immunofluorescence—Hippocampal neurons were grown for 15-20
days in vitro, fixed in 4% paraformaldehyde, and immunostained for
a-synuclein and VGLUT1. When indicated, Alexa 647-conjugated An-
nexin V was added in 2.5 mm CaCl, during the last 15 min of incubation
with secondary antibodies. Fluorescent images were acquired on a Zeiss
(Oberkochen, Germany) LSM 510 confocal microscope. Annexin V was
pre-adsorbed by incubation with liposomes overnight at 4 °C, the bound
material was removed by sedimentation at 100,000 X g, and the super-
natant used for immunofluorescence. To allow direct comparison of
Annexin V staining, images were collected using fixed laser strength,
pinhole size, and detector gain.

RESULTS

a-Synuclein Binds to Purified Lipid Rafts—To understand
how a-synuclein interacts with lipid rafts, we have developed
an in vitro binding assay using recombinant a-synuclein and
DRMs prepared from HeLa cells by flotation gradient (24, 31).
The DRMs were incubated with recombinant a-synuclein for 30
min at 30 °C, and bound protein was separated by flotation
through a second density gradient. Initially, we observed bind-
ing of both wild type and AB0P a-synuclein to purified DRMs
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Fic. 1. a-Synuclein binds to purified DRMs and the A30P mutation associated with PD disrupts the interaction. Increasing
concentrations of recombinant human a-synuclein (wt) (25-500 nM CBP fusion) were incubated at 30 °C for 30 min with DRMs purified from HeLa
cells in the presence of bovine serum albumin (1%) as nonspecific ecompetitor. Bound protein was separated from free by flotation on a sucrose
density gradient, and the resulting fractions immunoblotted for a-synuclein. Numbers above the gels indicate fractions starting at the top of the
gradient. Immunoblotting for the glycosylphosphatidylinositol-anchored protein CD55 identifies the rafts in fractions 4—6. Increasing amounts of
a~synuclein result in increased binding, whereas the A30P mutant shows no binding even at the highest concentration tested (500 nM). DRM-bound
a~synuelein also exhibits a shift in gel mobility similar to that previously observed (24). Numbers on the left indicate size markers (in kDa).

(data not shown), very similar to the results of other in vitro
binding studies (20-23) but different from the lack of mem-
brane association observed for the A30P mutant in vivo (17-19,
24). Supporting the possibility that A30P o-synuclein might
interact nonspecifically with rafts under these conditions, we
have observed substantial adsorption of a-synuclein to a vari-
ety of surfaces including plastic as well as membranes (data not
shown). However, the high protein concentrations present in
the cytoplasm of cells presumably reduce these nonspecific
interactions in vivo. To test this possibility, we added BSA to
the in vitro binding assay. Under these conditions, a substan-
tial proportion of wild type a-synuclein (15% at 250 nm and
~25% at 500 nM) co-migrates in light fractions with CD55, a
glycosylphosphatidylinositol-anchored protein of lipid rafts, in-
dicating association with DRMs (Fig. 1). In contrast, A30P-o-
synuclein does not bind to DRMs in the presence of BSA, even
at the highest concentration of recombinant protein used in
this study (Fig. 1). The association of wild type a-synuclein
with DRMs is dose-dependent, with binding detectable in the
mid-nanomolar range. We also found that varying the salt
(NaCl or KCI), salt concentration (from 50 to 110 mm), or pH
(from 6.5 to 8) has no detectable effect on the binding of
a-synuclein to DRMs (data not shown). Because a-synuclein
depends on lipid rafts for its specific localization to the nerve
terminal, we examined binding to DRMs prepared from synap-
tic vesicles, and observed similar high affinity binding and
sensitivity to the A30P mutation (data not shown). Because the
recombinant protein used for these studies contains a 41-resi-
due CBP fused to the N terminus of a-synuclein, we also re-
moved the CBP tag by proteolytic cleavage with enterokinase
(leaving no additional amino acids), and observed the same
high affinity, specific binding to DRMs from HeLa cells and
synaptic vesicles (data not shown). a-Synuclein bound to DRMs
in vitro migrates more slowly by gel electrophoresis than solu-
ble a-synuclein at the bottom of the flotation gradient (Fig. 1),
indicating the acquisition in vitro of a raft-associated modifi-
cation very similar to that observed in vivo (24). The in vitro
binding assay therefore recapitulates many features observed
for the interaction of a-synuclein with rafts in cells.

We used a competition assay to characterize further the
association of a-synuclein with rafts. In particular, we assessed
the ability of CBP-a-synuclein to compete with GST-o-
synuclein for binding to DRMs. Fig. 24 shows that increasing

amounts of wild type CBP-a-synuclein inhibit binding of 100
nM wild type GST-a-synuclein, indicating that the interaction
with membranes is saturable. Quantification of multiple exper-
iments reveals that concentrations of CBP-a-synuclein, ~0.5
1M, essentially eliminate binding of GST-a-synuclein (Fig. 2B),
indicating an affinity that is at least in the mid-nanomolar
range. Importantly, 2 uM A30P-CBP-a-synuclein fails to elim-
inate binding of wild type GST-a-synuclein (Fig. 2), confirming
that this PD-associated mutant binds to DRMs with lower
affinity than wild type (24).

Requirement for the Lipid Component of DRMs—To deter-
mine whether a-synuclein interacts with the protein or lipid
component of rafts, we treated DRMs isolated from HeLa cells
with proteinase K (PK) immobilized on agarose beads. After
digestion for 5—60 min, PK-agarose was removed by sedimen-
tation before adding recombinant a-synuclein. Strikingly, pro-
teolytic digestion with PK did not reduce the interaction of
a-synuclein with DRMs (Fig. 34). However, a substantial pro-
portion of CD55 remains intact even after prolonged incubation
in proteinase K (Fig. 3A), raising questions about the extent of
digestion. Resistance to proteolysis could simply reflect the
presence of CD55 on the lumenal face of isolated DRMs, inac-
cessible to PK. Lumenal proteins presumably do not participate
in the interaction with recombinant a-synuclein. We further
confirmed that digestion in PK for 60 min largely eliminates
DRM protein as detected by silver staining (Fig. 3B). In similar
experiments using DRMs isolated from synaptic vesicles, treat-
ment with PK also fails to inhibit binding of a-synuclein (data
not shown). Remarkably, the a-synuclein bound to PK-digested
DRMs still shows retarded electrophoretic mobility (Fig. 3A),
indicating that this modification is unlikely to require proteins
such as the raft-enriched kinases known to phosphorylate
a-synuclein (32-34).

a-Synuclein Binds to Artificial Liposomes Resembling Lipid
Rafts—To test further the hypothesis that a-synuclein associ-
ates with rafts through lipid rather than protein interactions,
we prepared artificial membranes that resemble lipid rafts.
Specifically, we used the “canonical” raft mixture composed of
cholesterol, brain sphingomyelin (SM), and brain phospholipid
(1:1:1 molar ratio), which mimics the enrichment of cholesterol
and SM observed in native rafts (25). a-Synuclein binds to
these liposomes and exhibits the same gel mobility shift ob-
served when a-synuclein associates with native lipid rafts (Fig.
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Fic. 2. CBP-a-synuclein competes with GST-a-synuclein for
binding to DRMs. Wild type (wt) GST-a-synuclein (0.1 uM) and either
wild type CBP-a~synuclein (0.1-2 pM) or CBP-A30P-a-synuclein (2 uM)
were incubated with DRMs purified from HeLa cells or synaptic vesicles
(LP2), and the raft-bound protein were separated by flotation through a
sucrose density gradient as described in the legend to Fig. 1. A, fractions
were immunoblotted for GST and in the case of HeLa DRMs, CD55.
Increasing concentrations of wild type CBP-a-synuclein block the bind-
ing of wild type GST-a-synuclein to DRMs. In contrast, A30P CBP-a-
synuclein reduces the binding of wild type protein only at high concen-
trations, confirming that the mutant has a lower affinity for DRMs than
wild type a-synuclein. Numbers on the left indicate size markers (in
kDa). B, the chemiluminescent output of Western blots was quantified
by collecting the emitted light and the resulting signal normalized to
the maximal signal obtained in the absence of competitor CBP fusion
protein. The graph shows the mean of at least three independent
experiments, and the error bar indicates S.D.

4A). Consistent with the results obtained from PK-digested
DRMs, lipids alone thus support the binding of a-synuclein.

We varied the composition of the artificial membranes to
identify the components of lipid rafts recognized by
a-synuclein. Removal of cholesterol or SM (with replacement
by brain PC) does not reduce the binding of a-synuclein to
raft-like liposomes (Fig. 4B), indicating that the protein does
not directly interact with these lipids. Indeed, a reduction in
cholesterol content increases the binding of a-synuclein. The
well described disruption of raft integrity by cholesterol deple-
tion, rather than the loss of a direct interaction with
a-synuclein, must therefore account for the effects of choles-
terol depletion in vivo (24). In addition, it has been reported
that the canonical raft mixture resides close to the miscibility
transition temperature where small changes in vesicle compo-
sition have large effects on phase behavior (35, 36). The in-
creased binding observed with decreased cholesterol may thus
reflect an increase in the number of raft domains.

Acidic phospholipids promote the binding of a~synuclein to
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raft-like liposomes (Fig. 4C). PS is particularly effective, but
phosphatidic acid also supports the interaction. In contrast,
neutral phospholipids, such as PC and phosphatidylethano-
lamine, do not support the binding of a-synuclein to raft-like
liposomes, consistent with previous reports using non-raft li-
posomes (20, 37). It is believed that lysines present on the
o-helix induced by membrane association interact directly with
the negatively charged phospholipid head group (20, 21, 23).
However, other observations suggest that head group cannot be
the only feature of raft phospholipid required for the membrane
association of a-synuclein.

a-Synuclein Colocalizes with a Subset of Membrane PS—If
PS confers the specific localization of a-synuclein to the syn-
apse, then PS should exhibit a similar synaptic enrichment. To
determine the distribution of PS, we have taken advantage of
its specific recognition by annexin V (38). Most often used in
live cells as a marker for the appearance of PS on the outer
leaflet of the plasma membrane during apoptosis, annexin V
has also been used in fixed cells to label intracellular compart-
ments (39). Indeed, we observed extensive calcium-dependent
labeling of primary hippocampal neurons with annexin V (Fig.
5A). To test further the specificity for PS, we adsorbed the
annexin V with liposomes containing either PS and PC (1:1) or
PC alone. Adsorption with membranes containing PS com-
pletely eliminated the labeling, whereas membranes contain-
ing PC alone had no effect, confirming the specificity of staining
with annexin V. The extensive labeling of cultured neurons
with annexin V thus reflects the true distribution of PS, which
co-localizes only in part with the labeling for a-synueclein and
the synaptic vesicle glutamate transporter VGLUT1 (Fig. 5B).
Additional determinants must therefore account for the specific
localization of a-synuclein to the nerve terminal.

Role of the Acyl Chain—a-Synuclein has been reported to
bind monounsaturated free fatty acids such as oleic acid (18:1)
and to form multimers in the presence of polyunsaturated fatty
acids such as arachidonic acid (20:4) and docosahexaenoic acid
(22:6) (40, 41). However, the role of phospholipid acyl chains in
membrane binding of a-synuclein has not been addressed di-
rectly. We therefore varied the acyl chain composition of PS in
liposomes containing cholesterol, sphingomyelin (SM), and PS
(1:1:1). Because the brain PS used for these studies contains a
mixture of acyl side chains (1.1% 16:0, 41.8% 18:0, 33.7% 18:1,
2.4% 20:4, 8.4% 22:6, 12.6% other), we first prepared mem-
branes containing individual, defined synthetic forms of PS
with both acyl chains identical (symmetric). However, none of
the major components of brain PS (18:0, 18:1, 20:4, and 22:6)
supports the interaction with a-synuclein when used alone
(Fig. 6A). With large amounts of lipid and recombinant protein
(8 times higher than the standard assay described above), we
detected binding of a-synuclein to raft-like liposomes contain-
ing 18:1 PS alone (with cholesterol and SM) (Fig. 6B). Under
these conditions, however, a-synuclein does not undergo the
shift in gel mobility observed with rafts prepared from native
tissue or with raft-like liposomes containing brain PS (Fig. 6B).
We took advantage of this phenomenon to determine whether
the altered mobility reflects a covalent modification. Analysis
of trypsin-digested “shifted” a-synuclein (bound to membranes
containing brain PS) and “unshifted” protein (bound to mem-
branes with 18:1 PS) by mass spectrometry identified peptides
spanning all of the a-synuclein sequence except the first 10
amino acids (MDVFMKGLSK) (data not shown). All peptides
were detected only in an unmodified state, ruling out any
stoichiometric covalent modifications of this part of the protein.
Because we did not identify peptides spanning the first 10
residues of a-synuclein, we cannot exclude their potential mod-
ification. However, despite there being multiple studies dem-
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Fic. 3. Binding of a-synuclein to DRMs does not require protein. HeLa DRMs pretreated with PK for 5—60 min at 30 °C were incubated
with recombinant human o-synuclein (50 nM CBP fusion) and subjected to flotation through a sucrose gradient as described above. Raft fractions
are identified as CD55-positive. A, Western analysis of a-synuclein shows no effect of PK digestion on the raft association of a-synuclein. In
addition, digestion with PK does not affect the shift in gel mobility of raft-bound a-synuclein. B, silver staining of raft extracts treated with PK for
0, 5, 20, and 60 min (lanes I-4) shows a progressive loss of detectable raft protein. Numbers on the left indicate size markers (in kDa).

onstrating the post-translational modification of a-synuclein,
none have reported modifications on any of the first 10 residues
of the protein (32—-34, 42—45). Together with the appearance of
the gel mobility shift after binding to artificial membranes with
no additional protein, the shift seems very unlikely to reflect a
covalent modification.

Because no individual form of synthetic PS alone confers
binding to a-synuclein, we combined PS with defined acyl
chains in proportions mimicking those found in brain PS. Very
similar to brain PSS, this combination supports binding (Fig. 7A,
upper row, middle panel). To determine the specific acyl chain
requirements, we examined various mixtures of synthetic PS,
focusing on simpler combinations with PS containing saturated
or monounsaturated acyl chains and polyunsaturated side
chains. To mimic the physiological proportions found in brain
PS, we used more of the saturated or monounsaturated PS, and
less of the polyunsaturated PS. Fig. TA (lower row, middle
panel) shows that 18:0 PS with either 20:4 or 22:6 PS exhibits
weak binding. In contrast, 18:1 PS confers robust binding when
combined with 20:4 or 22:6 PS (Fig. TA, lower row, left and right
panels), similar to that seen with brain PS and the reconsti-
tuted mixture of synthetic PS. a-Synuclein thus specifically
requires both 18:1 PS and PS containing polyunsaturated acyl
chains for its interaction with raft-like liposomes.

We further determined the proportion of 18:1 and 20:4 PS
optimal for the interaction of a-synuclein with raft-like lipo-
somes. Fig. 7B (upper row, right panel) shows that an equimo-
lar combination of 18:1 and 20:4 PS (17% each) confers binding
to raft-like liposomes. A 4-fold excess of 18:1 PS over 20:4 PS
also promotes the binding of a-synuclein (Fig. 7B, lower row,
left panel), but an excess of 20:4 PS over 18:1 PS (upper row,
middle panel) does not. Further increases in the proportion of
either 18:1 or 20:4 PS, with proportionate decreases of the
other, completely abolish association of a-synuclein with the
liposomes (Fig. 7B). Because 18:1 PS predominates over poly-
unsaturated PS in native membranes, a-synuclein apparently
recognizes a physiologically relevant combination of fatty acid
side chains.

Role of Phase Transition—Although lipid rafts have been
shown to contain polyunsaturated fatty acids (46), they are
generally thought to be enriched in long chain saturated acyl
chains (47). The mechanism by which polyunsaturated phos-
pholipid promotes the binding of a-synuclein to lipid rafts thus
remains uncertain. a-Synuclein may interact with the PS con-

taining polyunsaturated acyl chains inside raft domains. Alter-
natively, polyunsaturated acyl chains may promote a phase
transition between raft and non-raft membranes. Indeed, the
requirement of a-synuclein binding for both 18:1 and 20:4 PS
supports a role for phase transition (Fig. 7). If phase transition
is important for membrane association, the addition of any
lipid that induces phase transition, including a lipid incapable
by itself of binding a-synuclein, should support binding pro-
vided that at least some PS is present. We therefore supple-
mented the cholesterol/SM/18:1 PS liposomes, which cannot
alone bind a-synuclein (Fig. 64) with 20:4 PC, which also
cannot by itself bind. The addition of 20:4 PC leads to a re-
markable increase in the binding of a-synuclein (Fig. 8, middle
row, left panel). Similarly, liposomes containing 18:1 PC and
20:4 PS, which fulfill both the head group and phase transition
requirements, also support the binding of a-synuclein (Fig. 8,
middle row, middle panel). However, membranes with the
polyunsaturated acyl chain on the PS head group seem to bind
with higher affinity than those with the monounsaturated acyl
chain on PS within the context of brain PC (Fig. 8, bottom row).
In addition to a requirement for phase transition, a-synuclein
thus binds preferentially to PS containing polyunsaturated
acyl chains.

DISCUSSION

To understand how the interaction with lipid rafts localizes
a-synuclein to the nerve terminal, we have developed an in
vitro assay for membrane binding by a-synuclein that recapit-
ulates many features of the interaction observed in vivo (24).
Using this assay, we show that a-synuclein binds saturably
and with high affinity to DRMs isolated from HeLa cells or
synaptic vesicles. The interaction is resistant to digestion of the
rafts with proteinase K, suggesting a requirement for lipid and
not protein. Confirming a direct interaction with lipid,
a-synuclein binds to artificial liposomes that mimic rafts. Al-
though other groups have previously shown that a-synuclein
binds to liposomes in vitro (20-23), the assay described here
differs in its sensitivity to the PD-associated mutation A30P.
The A30P mutation disrupts the membrane interactions of
a-synuclein in cells (17-19, 24), but has had little effect on
binding to artificial membranes in vitro (20-23). Sensitivity to
the A30P mutation thus supports the physiclogical relevance of
this assay and of raft binding. The specificity of the assay
presumably reflects the use of nonspecific competitor protein as
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FiG. 4. a-Synuclein binds to artificial membranes mimicking
lipid rafts. A, recombinant a-synuclein (100 nM CBP fusion) was incu-
bated for 30 min at 30 °C with 25 M artificial membranes containing
cholesterol:brain sphingomyelin:brain PS (1:1:1 molar ratio), the bound
protein was separated as described in the legend to Fig. 1, and the
fractions immunoblotted for a-synuclein. a-Synuclein binds to these
artificial membranes, and the bound protein exhibits a shift in gel
mobility similar to that observed with rafts prepared from native tissue.
B, the lipid composition of artificial membranes was modified by sub-
stituting cholesterol, brain SM, or brain PS with brain PC. After the
binding assay and flotation gradient, the fractions were immunoblotted
for human a-synuclein, the immunoreactivity was quantified and ex-
pressed as the ratio of bound (fractions 3—5) to unbound (fraction 9—10)
a-synuclein, with normalization of the ratios to the maximal binding
observed with cholesterol:SM:brain PS:brain PC (10:33:33:23). The re-
sults shown are the mean of three independent experiments + S.D. C,
a-synuclein (100 nm CBP fusion) was incubated with 25 uM artificial
membranes prepared from 10% cholesterol, 33% brain SM, 24% brain
PC, and various phospholipids. The binding assay, flotation gradient,
and Western analysis were performed as in A. a-Synuclein binds only to
lipids containing either the acidic PS or phosphatidic acid (PA), but not
the neutral PC or phosphatidylethanolamine (PE). Data shown are the
mean of three experiments + S.D,

well as the raft-like nature of the membranes.

We previously observed that the a-synuclein associated with
lipid rafts exhibits a shift in gel mobility (24). a-Synuclein
indeed undergoes a conformational change from unstructured
to « helical on binding to a variety of membranes in vitro (20,
23, 37, 48). However, other studies do not report an alteration
in electrophoretic mobility of a-synuclein upon membrane
binding. In general, these studies have used artificial mem-
branes containing only synthetic phospholipid, suggesting that
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Fic. 5. a-Synuclein co-localizes with a small subset of neuro-
nal S, A, fixed hippocampal neurons were stained for PS using an-
nexin V-Alexa 647 (non-adsorbed). The annexin V conjugate binds to all
neuronal processes without enrichment in any particular compartment.
Removal of calcium (no Ca?*) and adsorption with liposomes containing
PC:PS (1:1; PS adsorbed) but not PC alone (PC adsorbed) abolishes
labeling with annexin V, confirming the specificity for PS. Size bar, 10
um. B, a-synuclein co-localizes with only a subset of PS at synaptic sites
that also label for synaptic vesicle glutamate transporter VGLUT1.
a-Synuclein thus requires more than the PS head group for localization
to the nerve terminal. Arrowheads point to synapses labeling for
a-synuclein (green in merged image), PS (blue in merged image), and
VGLUT1 (red in merged image). Size bar, 2 pm.

Fic. 6. a-Synuclein does not bind to rafi-like artificial mem-
branes containing synthetic PS with a single defined fatty acyl
chain. A, a-synuclein (100 nM CBP fusion) was incubated with 25 um
artificial membranes containing equimolar ratios of cholesterol (chol),
brain SM, and the indicated brain or synthetic PS. Binding, separation,
and Western analysis were performed as described in previous figures.
a-Synuclein (a-syn) binds strongly only to liposomes containing brain
PS. B, a-synuclein interacts with raft-like liposomes containing 18:1 PS
when protein and lipid are present at higher concentrations (here 8 um
a-synueclein and 1 mm lipid). Under these conditions, the gel mobility of
a-synuclein (including soluble protein at the bottom of the gradient as
well as membrane-bound protein in higher fractions) is retarded when
interacting with brain PS (lef?), but not when interacting with 18:1 PS
(right). Numbers on the left indicate size markers (kDa).

native membranes contain an activity missing from artificial
membranes, which is required for the modification. The phos-
phorylation of a-synuclein by tyrosine kinases associated with
lipid rafts raised the possibility that the observed gel shift
reflects a post-translational modification (3234, 44). However,
extensive proteolysis of purified lipid rafts with proteinase K
does not reduce either the binding or gel shift of a-synuclein.
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Fic. 7. a-Synuclein binding requires PS with both mono- and polyunsaturated fatty acyl chains. A, a-synuclein (a-syn) (100 nv CBP
fusion) was incubated with liposomes containing equimolar concentrations of cholesterol, brain SM, and the indicated PS. Brain PS and a mixture
that mimics brain PS (16% 18:0, 13% 18:1, 1% 20:4, 3% 22:6 PS) support the binding of a-synuclein. The minimal requirement for membrane
association is 18:1 PS in the presence of a polyunsaturated PS (either 20:4 or 22:6). 18:0 PS cannot substitute for 18:1 PS. B, binding of a-synuclein
to raft-like membranes containing different ratios of 18:1 and 20:4 PS shows that although equimolar concentrations of 18:1 and 20:4 PS (17% each)
support membrane association, a larger proportion of 18:1 than 20:4 PS confers more binding than a larger proportion of 20:4 PS. Numbers on the

left indicate size markers (kDa).

The altered gel mobility also persists when using artificial
membranes that mimic lipid rafts, confirming that no addi-
tional protein is required for the modification or for binding.
Interestingly, one previous report has shown a similar shift in
the electrophoretic mobility of a-synuclein when using native
brain rather than synthetic phospholipid (40). Mass spectrom-
etry analysis of gel-shifted a-synuclein now reveals only un-
modified peptides covering >90% of the a-synuclein sequence,
which are identical to peptides derived from the unshifted
protein. Taken together, these observations strongly suggest
that the shift in gel mobility reflects a conformational change
rather than a covalent modification. Raft-like membranes con-
taining anionic brain phospholipid thus reproduce features of
the interaction with native lipids not previously observed with
synthetic liposomes.

What confers the specific binding and modification of
a-synuclein by raft-like membranes? Cholestero}l does not ap-
pear required. In fact, a-synuclein binds more strongly to mem-

branes containing low or no cholesterol than the 33% classi-
cally used to produce raft-lilke membranes. The ability of
cholesterol depletion to eliminate the raft association and syn-
aptic localization of a-synuclein thus reflects the dependence of
raft integrity on cholesterol, not a direct interaction of choles-
terol with e-synuclein. Although it promotes binding to
a-synuclein in the absence of cholesterol, sphingolipid also does
not appear crucial for the interaction. Similar to previous re-
ports, we find that a-synuclein binding requires acidic phos-
pholipid, in particular PS. However, individual synthetic forms
of PS do not support binding. Rather, we find that a very
specific combination of 18:1 PS and PS with polyunsaturated
acyl chains is required both to bind and shift the electro-
phoretic mobility of a-synuclein. Supporting the physiological
relevance of this combination, ratios reflecting the preponder-
ance of 18:1 over polyunsaturated acyl chains in native mem-
branes are optimal for binding to a-synuclein. Furthermore,
the addition of 18:1 PC to 20:4 PS confers binding to
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Fic. 8. Phase transition is required for the binding of
a-synuclein to raft-like liposomes. Top row, a-synuclein (100 nm
CBP fusion) was incubated with liposomes containing an equimolar
mixture of cholesterol (chol), brain SM, and the indicated phospholip-
ids, and analyzed as described above. Brain PS but not brain PC or
synthetic PC (1:1 ratio of 18:1 and 20:4 PC) support the binding of
a-synuclein. Middle row, the addition of either 20:4 PC (left) or 18:1 PC
(middle) to 18:1 or 20:4 PS confers binding to a-synuclein. Because the
PC head group alone does not support binding, the synthetic forms of
PC presumably act by promoting a phase transition between monoun-
saturated and polyunsaturated fatty acyl chains. Bottomn row, when
added to brain PC, 20:4 PS confers substantially more binding to
a-synueclein than 18:1 PS, suggesting specific recognition of the PS head
group in the context of polyunsaturated fatty acyl chains. Numbers on
the left indicate size markers (kDa).

a-synuclein even though PC cannot by itself support binding.
Conversely, the addition of 20:4 PC to 18:1 PS also promotes
binding. The requirement for both mono- and polyunsaturated
acyl chains strongly suggests that the interaction of
a-symiclein requires membrane with two distinct phases. The
requirement for a phase transition may indeed account for the
specific association of a-synuclein with rafts, which are consid-
ered a liquid-ordered phase distinct from the rest of the liquid-
disordered cell membrane (47). Again, previous work has not
shown such stringent requirements for the membrane associ-
ation of a-synuclein, presumably because the specificity ob-
served here depends on the high concentration of nonspecific
competitor protein that mimic physiologic conditions in the
cytoplasm.

In addition to the requirement for acidic head group and
phase transition, we find that o-synuclein binds more strongly
to membrane when the polyunsaturated acyl chain of the phos-
pholipid resides on the PS head group. This remarkable spec-
ificity presumably reflects an interaction of a-synuclein with
both acyl chain and head group. Consistent with the specificity
for a particular combination of PS, a-synuclein colocalizes with
only a small subset of the PS labeled by annexin V in neurons.
Interestingly, the analysis of a-synuclein knock-out mice has
shown increases in the level of polyunsaturated fatty acids (49),
but the relationship of these changes to the membrane associ-
ation of a-synuclein remains unclear. In addition, a-synuclein
has been reported to bind free oleic acid in vitro (50) and to
multimerize in the presence of polyunsaturated fatty acids (40),
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but a specific role for these acyl chains in the membrane asso-
ciation of a-synuclein has not been appreciated before.
a-Synuclein has also been reported to bind lipid droplets pro-
duced by treatment of cells with oleic acid (18). However, it has
remained unclear whether oleic acid simply induces lipid drop-
lets to which a-synuclein can bind. Our results suggest the
alternative explanation that a-synuclein interacts directly with
the oleoyl side chain of phospholipid in the droplets.

In conclusion, we find that the membrane association of
a-synuclein depends on the recognition of phospholipid head
group and acyl chain, including phase transition and specific
side chain composition. The assay we used to identify these
requirements was designed to reproduce the interaction be-
tween a-synuclein and native membranes. Thus, the combina-
tion of membrane properties identified using this assay pre-
sumably contributes to the specific presynaptic localization of
a-synuclein. To understand the normal function of this protein
as well as its role in PD, future work will need to evaluate the
membrane association of a-synuclein in the physiological con-
text of the nerve terminal.
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