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Optical Reporters for the Conformation of a-Synuclein
Reveal a Specific Interaction with Mitochondria
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The aggregation of abnormally folded proteins is a defining feature of neurodegenerative disease, but it has not previously been possible
to assess the conformation of these proteins in a physiologically relevant context, before they form morphologically recognizable aggre-
gates. We now describe FRET-based reporters for the conformation of a-synuclein, a protein central to the pathogenesis of Parkinson’s
disease (PD). Characterization in vitro shows that a-synuclein adopts a relatively “closed” conformation in solution that converts to
“open” on membrane binding. In living cells, the closed conformation predominates. In neurons, however, cell bodies contain a much
larger proportion of the open conformation than synaptic boutons. To account for these differences, we also used the reporters to
characterize the interaction with native membranes. We find that the conformation of a-synuclein responds selectively to mitochondria,
indicating a direct link between a-synuclein and an organelle strongly implicated in the pathogenesis of PD.
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Introduction

The accumulation of misfolded protein is a defining feature of
neurodegenerative disease. Characteristic proteins form amyloid
deposits in different clinical disorders, and the aggregation can be
reproduced in vitro. However, the role of aggregates in neural
degeneration remains uncertain. In Huntington’s disease, large
aggregates may actually protect against toxicity (Klement et al.,
1998; Saudou et al., 1998; Arrasate et al., 2004). In Alzheimer’s
disease, a relatively small assembly of AB peptide can impair
memory (Lesné et al., 2006). The proteins that accumulate in
neurodegenerative disease may thus produce toxicity through
mechanisms that do not involve morphologically detectable ag-
gregates. Oligomerization, misfolding or perhaps even the nor-
mal function of accumulating proteins may contribute to disease,
but we know very little about the behavior of these proteins in
cells before they form large aggregates.

The protein a-synuclein appears to have a central role in the
pathogenesis of sporadic as well as familial Parkinson’s disease
(PD). a-Synuclein accumulates to high levels in Lewy bodies and
dystrophic neurites, suggesting an important role in sporadic PD
(Spillantini et al., 1997; Galvin et al., 1999). In addition, point
mutations in a-synuclein produce dominantly inherited forms of
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PD (Polymeropoulos et al., 1997; Kriiger et al., 1998; Zarranz et
al., 2004), indicating a causative role in pathogenesis. However,
the mechanism by which a-synuclein leads to neuronal degener-
ation in PD, and indeed its normal function, remain unknown.
The recent observation that a simple increase in gene dosage
suffices to cause PD indicates a role for the wild type protein
(Singleton et al., 2003), and suggests that PD may result either
from a pathologic increase in normal function, or from the gain
of an abnormal, toxic function. In the case of a-synuclein,
smaller aggregates have been observed in vitro using recombinant
protein, possibly on the pathway to formation of amyloid fibrils,
and these species have been proposed to cause cell death (Uversky
et al., 2001a; Volles et al., 2001; Kaylor et al., 2005). However,
there is no information about the state of a-synuclein in a phys-
iologically relevant context, within the cell.

It has been widely hypothesized that membrane interactions
play a central role in the function and toxicity of a-synuclein
(Volles and Lansbury, 2007). A natively unfolded protein in so-
lution, a-synuclein adopts an a-helical conformation on binding
to artificial membranes containing acidic phospholipid (David-
son et al., 1998). In neurons, a-synuclein localizes preferentially
to the nerve terminal, and was originally identified as a peripheral
membrane protein of synaptic vesicles (Maroteaux et al., 1988).
a-Synuclein has also been suggested to disrupt membrane traf-
ficking (Outeiro and Lindquist, 2003; Willingham et al., 2003;
Cooper et al., 2006). Despite tight binding to artificial mem-
branes, however, a-synuclein associates only weakly with native
membranes (George et al., 1995; Kahle et al., 2000), and exhibits
a high level of mobility by photobleaching experiments in trans-
fected hippocampal neurons (Fortin et al., 2005). As a result, very
little is known about the interaction of a-synuclein with native
membranes, or whether this even occurs in vivo. To study the
interaction of a-synuclein with membranes in a physiologically
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relevant context, we have introduced fluorophores that enable
sensitive, rapid detection of the conformational changes associ-
ated with membrane binding.

Materials and Methods

Molecular biology. To create YFP-a-synuclein (Ysyn) and a-synuclein-
CFP (synC) fusion proteins, a-synuclein was subcloned into pEYFP-C2
or pECFP-N1 vectors, respectively (Clontech), leaving EYFP separated
from the N terminus of a-synuclein by 7 residues (SGRTQIS), and ECFP
from the C terminus by 5 residues (GSVAT). To prevent nonspecific
dimerization between ECFP and EYFP, the L221K (Zacharias et al., 2002)
mutation was introduced into both ECFP and EYFP. For FlAsH con-
structs, PCR mutagenesis was used to introduce the tetracysteine FIAsH
binding motif (CCPGCC) directly adjacent to the N terminus of
a-synuclein. PCR mutagenesis was also used to introduce A30P, A53T
and E46K mutations, and 4EBP1 was a generous gift from John Gross
(University of California at San Francisco, San Francisco, CA). Con-
structs were subcloned into the chicken actin vector pCAGGs for expres-
sion in neurons. For bacterial expression, a-synuclein fusion constructs
were subcloned into the pGEX 5X-3 vector (Amersham) immediately
downstream of the Factor Xa cleavage site. A TEV cleavage site was also
introduced into constructs with EYFP conjugated to the amino terminus of
a-synuclein.

Preparation of fusion proteins. Cultures of transformed E. coli strain BL21
(DE3) were induced with 100 um isopropyl-B-p-thiogalactopyranoside
(IPTG) at A600 ~0.6—0.8, incubated for an additional 24 h at 16°C, the
bacteria sedimented, resuspended in PBS with 1 mm phenylmethanesul-
fonyl fluoride (PMSF) and 10 mm EDTA, disrupted by sonication, and
the lysate sedimented at 14,500 g for 10 min. The supernatant was incu-
bated for 1 h at room temperature with glutathione Sepharose 4B
(Amersham). The beads were then washed, and fusion proteins isolated
by cleavage overnight using either Factor Xa (Novagen) or TEV protease
at 4°C. For FIAsH labeling, proteins were reduced in 10 mm DTT, dia-
lyzed into 100 um DTT, and conjugated for 24 h at 4°C with FIAsH-EDT2
at a molar ratio of 1:1 in a reaction mixture containing 1 mm
2-mercaptoethanol and 1 mm Triscarboxyethylphosphine-HCI (TCEP),
following the manufacturers instructions. All proteins were dialyzed into
20 mm NaPO, pH 7.4 before use.

For experiments using COS lysates, cells were transfected by electro-
poration and cell lysates were harvested two d later using sonication in
SH buffer (0.32 M sucrose, 10 mm HEPES, pH 7.4). FRET experiments
with COS lysates were performed in 25 mm MES and 80 mm NaCl.

Circular dichroism. The a-helical content of untagged a-synuclein and
fusion proteins was assessed by circular dichroism in the absence of
membranes, in the presence of membranes containing acidic phospho-
lipid that can bind to a-synuclein (binding lipid) or in the presence of
membranes without acidic phospholipid that cannot bind to a-synuclein
(control lipid). Preparing liposomes as previously described (Kubo et al.,
2005) from 10% cholesterol, 33% sphingomyelin, 33% brain phosphati-
dylserine and 23% brain phosphatidylcholine (binding lipid) or from
lipid containing 10% cholesterol, 33% sphingomyelin, 56% brain phos-
phatidylcholine (control lipid), 7.5 um fusion protein was incubated with
1.25 mM lipid in 20 mm sodium phosphate buffer, pH 7.4 for 5 min at
room temperature, and spectra were collected from 290 to 185 nm in 1
nm steps at 4°C, using a 0.1 cm quartz cuvette in an Aviv Model 215
spectropolarimeter. The final spectra reflect the contribution of
a-synuclein alone, obtained by subtracting out the spectra of lipids and
buffer. For fusion proteins, the spectra of CFP (and YFP for YsynC) were
also subtracted. Data were expressed as mean residue ellipticity [6]*1000,
where [0] = (MW)/(N-1) * C* 1, where MW = molecular weight of protein,
N = number of amino acid residues per protein, C = concentration of
protein (mg/ml) and 1 = path length of cell in mm (deg cm */dmol).

In vitro FRET. FRET of purified proteins was assayed in a 96 well plate
using a fluorescent plate reader with the following excitation/emission
parameters: CFP (435 nm ex/485 nm em), YFP or FIAsH (508 nm ex/527
nm em) and FRET (435 nm ex/527 nm em), as previously described
(Pollitt et al., 2003). FRET calculations were corrected for independent
contributions of the acceptor (YFP) and donor (CFP) to the FRET fluo-
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rescence channel (Weatherman et al., 2002), which were determined
using singly tagged a-synuclein fusion proteins (e.g., synC or synY),
measuring the average background corrected fluorescence of each con-
struct in the CFP, YFP and FRET channels. The fraction of YFP signal
that derives from excitation of the 435 nm channel (i.e., the YFP cross-
over excitation, Xypp) was determined as Xypp = YFPpppr/YFPypp.
FRET/donor ratio was then calculated according to the formula: FRET/
donor = (FRET(measured) — [YFP(measured) X Xypp])/CFP(mea-
sured). For all quantitative analysis of FRET, mean = SEM (SEM) were
calculated, and the significance of differences between groups deter-
mined using either two-tailed t test or ANOVA followed by Newman—
Keuls post hoc test.

Optical imaging in live cells. HeLa cells and mesencephalic neurons
were transfected by electroporation (Amaxa) with either YsynC, synC
and synY, synC and Ysyn or YC. HeLa cells were studied two d after
transfection. Mesencephalic neurons were prepared from ventral mid-
brain dissected from gestation day 14 rat embryos (Sprague Dawley) as
previously described (Nakamura et al., 2001), and imaged after 12-16 d
in culture. For microinjection experiments, subconfluent HeLa cells (80%)
were cultured for 2 d and nuclear microinjections of 60 um purified protein
in phosphate buffer were performed at room temperature with an auto-
mated injection system (Eppendorf Micromanipulator 5171 together with
Eppendorf Transjector 5246), as described previously (Pagans et al., 2005).
Cells were imaged live three to four h after microinjection.

FRET was measured after photobleaching the entire cell body or bou-
ton. Neuronal cell bodies and boutons were bleached by illumination
four times at 100% laser power with a 514 nm laser (cropped 3.5X), and
HeLa cell bodies by illumination 40 times at the same power (no crop-
ping), in both cases using a Zeiss LSM 510 confocal microscope and
100X oil objective. For boutons, an area of 3.1 um * 1.8 um was
bleached, and 3.5 wm * 2 wm was monitored. For cell bodies, the bleached
area corresponded to the size of the cell body (typically 15-25 wm by 10-20
pm). Inall experiments, CFP and YFP/FIAsH fluorescence were imaged four
times before and after bleaching to establish stable baselines.

Preparation of native membranes. Synaptosomal fractions LP2, LS2 and
LP1 were prepared as previously described (Kubo et al., 2005). Brain
mitochondria were prepared using the method of Lai and Clark (1989).
Briefly, 5- to 6-week-old rats were anesthesized, decapitated, and the
brains homogenized in 320 mm sucrose, 4 mm Hepes-Tris, pH 7.4, 1 mm
MgCl,, 1 mm EDTA, PMSF and pepstatin A with a 25 ml loose-fitting
glass-Teflon homogenizer (Kontes Glass, #22) using 10 strokes at 500
rpm. The homogenate was then sedimented at 1300 g for 3 min, the
supernatant sedimented at 17,000 g for 10 min, and the resulting pellet
resuspended in cold SH buffer with 1 mm EDTA (isolation medium)
before sedimentation through a Ficoll step gradient (10%-7.5%) at
99,000 g for 30 min.

Liver mitochondria were isolated according to Susin et al. (2000).
Briefly, rat livers were minced, homogenized in 300 mm saccharose, 5 mm
TES (N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid), 200
M EGTA, pH 7.2 (H buffer), sedimented at 746 g for 10 min, and the
resulting supernatant at 8635 g for 10 min. The pellet was then resus-
pended in H buffer, layered over a Percoll step gradient (18%—-30%—
60%), sedimented for an additional 10 min at 8740 g, and mitochondria
isolated from the 30—60% Ficoll interface washed with H buffer, and
resuspended in 20 mm NaPO,, pH 7.4.

Crude endoplasmic reticulum (ER) was prepared from rat liver by ho-
mogenizing the minced tissue in isotonic extraction buffer (250 mm sucrose,
25 mM potassium chloride, 1 mm EGTA and 10 mm HEPES, pH 7.8), sedi-
mentingat 1000 g for 10 min, and the resulting supernatant at 12,000 g for 15
min (Depierre and Dallner, 1976). The supernatant was then sedimented at
100,000 g for 60 min and resuspended in 20 mm NaPO,, pH 7.4.

Western blot analysis. To determine the content of endogenous
a-synuclein in subcellular fractions, 50 ug of isolated brain mitochon-
dria, liver mitochondria, ER, LP1, LP2 or LS2 protein was separated by
electrophoresis through SDS-polyacrylamide, and immunoblotted for
endogenous synuclein (SYN1 antibody; BD Biosciences), synaptophysin
(55768; Sigma), complex V ATPase (A21350; Invitrogen), cytochrome C
(556433; BD Biosciences), calreticulin (SPA-600; Stressgen) and sodium
potassium ATPase (ab7671; Abcam). In other experiments, COS lysates
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(D spectroscopy was used to determine whether fusion to fluorescent proteins or conjugation to FIAsH alters the interaction of
a-synuclein with artificial membranes. Recombinant, bacterially expressed human ce-synuclein (A), C-terminal fusions to CFP (C,
D, G), N-terminal fusions to YFP (C, E), or fusions to both fluorescent proteins (€) were incubated (at 7.5 wm) in the presence or
absence of 1.25 mw artificial liposomes containing 10% cholesterol, 33% sphingomyelin, 33% brain phosphatidylserine and 23%
brain phosphatidylcholine. The final spectra reflect the contribution of synuclein alone, obtained by subtracting the contributions
of either CFP (B) or YFP (data not shown) or both. N-terminally tetracysteine-tagged synuclein was conjugated to FIAsH and
incubated with membranes at the same concentrations. On membrane addition, the ac-helical content of synuclein-CFP (D),
FIAsH-synuclein (F) and FIAsH-synuclein-CFP (G) all show robust increases in ¢ helical content very similar to untagged protein
(A). YFP-Synuclein (E) and YFP-synuclein-CFP (C) show less change, although the magnitude of effect is normalized by reducing
the protein concentration three-fold (C, in orange). Lipids do not affect the spectra of either CFP (B) or YFP alone (data not shown).

The results indicate the mean of three independent measurements.

were immunoblotted for GFP (A11122; Molecular Probes) and visual-
ized using an Odyssey Infrared Imaging System (Li-Cor Biosciences).
Binding to native membranes. To compare the binding of exogenous,
recombinant human a-synuclein to different native membranes, 10 or
100 nM purified human synuclein was incubated with 2.5 mg/ml brain
mitochondria, LP1 or LP2 for 15 min at room temperature in 200 ul of
isolation medium containing PMSF. Reaction mixtures were then di-
luted to 13.5 ml in isolation buffer, sedimented at 260,000 g for 1 h, the
resulting pellet washed once with isolation buffer, resuspended in 20 mm

molar ratio) (Fig. 1A) (Davidson et al.,
1998). In contrast, CFP alone (Fig. 1B)
and YFP alone (data not shown) exhibit no
change in CD spectra in the presence of
these membranes. We then used CD spec-
troscopy to study the fusion of YFP to the
N terminus of a-synuclein and CFP to the
C terminus (YsynC), subtracting the spec-
tra obtained for equal molar concentra-
tions of YFP and CFP alone to yield the
spectrum for synuclein (Fig. 1C). YsynC
shows somewhat less a-helical shift than
the untagged protein, but a threefold re-
duction in the amount of recombinant protein (to 2.5 uM) re-
stores the shift. The increased lipid:protein ratio presumably
compensates for a small loss of affinity for membranes, and indi-
cates that YsynC can undergo the same conformational change as
untagged a-synuclein. To determine which of the two fusions
might have impaired the affinity of YsynC, we examined recom-
binant synC and Ysyn separately, again subtracting the spectra for
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CFP and YFP alone. In contrast to synC A
which shows a helical shift (Fig. 1 D) simi-
lar to the untagged protein, Ysyn shows
less change on membrane association (Fig.
1E), although an N-terminal fusion to
GFP exhibits synaptic localization similar
to wild type a-synuclein in transfected
neurons (Fortin et al., 2005). To reduce
the size of the N-terminal fluorophore, we
introduced a tetracysteine motif into the N
terminus of a-synuclein and conjugated
the purified, bacterially expressed protein
in vitro with the biarsenical reagent FIAsH c

(Griffin et al., 2000). FlIAsH-a-synuclein 1.0
(Fsyn) shows a helical shift on membrane 0.8
binding very similar to untagged
a-synuclein (Fig. 1 F). We then introduced
the FIAsH fluorophore into synC and
found that FsynC also demonstrates a
strong a-helical shift by CD (Fig. 1G).

0.50
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tively unfolded protein, the YsynC fusion ke 5 Intramolecular FRET reveals a dlosed conformation for a-synucein. 4, The FRET of 400 nu recombinant YFP-

protein exhibits considerable FRET at
baseline (Fig. 2A). Further, a mixture of
Fsyn and synC, and of CFP and YFP, both
show no FRET, excluding intermolecular
interactions as the source of this signal. Be-
cause fusion of YFP to the N terminus of
synuclein affects its behavior by CD (Fig.
1), we also examined FsynC, and detected
similar but slightly less baseline FRET, pre-
sumably because the CFP-FlAsH pair can-
not transfer energy over the same distance
as CFP-YFP (Siegel et al., 2000) (L. Mun-
ishkina and A. Fink, personal communica-

synuclein-CFP (YsynC), CFP with YFP (C+Y), FIAsH-synuclein-CFP (FsynC) and FIAsH-synuclein with synuclein-CFP (Fsyn-+synC)
fusion proteins in 20 mm NaP0,, pH 7.4, was measured using a 96-well plate reader. Both YsynC and FsynC show significant
intramolecular FRET, although to different extents. In contrast, there was no intermolecular FRET detected between Cand Y or
between Fsyn and synC. The values indicate mean == SEM, n = 616 wells per condition. B, The FRET of cx-synuclein fusion
proteins was determined without (filled bars) or with 7.5 m urea (open bars) in 20 mm NaPO,, pH 7.4. Urea reduces the intramo-
lecular FRET of FsynCand YsynC but not the direct synuclein-CFP-FIAsH fusion synCF. Data show mean == SEM; n = 6 — 8 wells per
group. C, Wild-type and mutant FsynCfusion proteins were incubated with increasing concentrations of NaCl (0 — 400 mm) in 1 mm
NaPO,, pH7.4. In all cases, intramolecular FRET increases at lower salt concentrations, but the increase is greater for FE46KC, and
less for FA3OPC and FA53TC relative to wild-type FsynC. Note the higher FRET values than in other panels because of the lower
NaPO, concentration (1vs 20 mmin Aand B, and 3 mmin D). The values indicate mean == SEM; n = 712 wells per condition. D,
Wild-type and A30P mutant FsynC fusion proteins were incubated without (black) or with (gray) 400 r.m membranes containing
10% cholesterol, 33% sphingomyelin, 33% brain phosphatidylserine and 23% brain phosphatidylcholine (binding lipids) in the
absence or presence 0f 400 mm NaCland 3 mm NaP0,, pH7.4. In low salt, the A30P mutation inhibits the reduction in FRET but has
no substantial effect in the presence of 400 mm NaCl. The values indicate mean = SEM; n = 7— 8 wells per condition.

tion) (Fig. 2A). The results indicate prox-

imity of the N and C termini, which could

reflect either their chance interaction in a natively unfolded pro-
tein, or a more structured closed conformation.

To determine whether the baseline FRET reflects a native con-
formation of synuclein, we first used denaturation in urea. Pre-
vious work has shown that GFP and FlAsH are resistant to dena-
turation by high concentrations of urea (Ignatova and Gierasch,
2004; Alkaabi et al., 2005). We indeed observed no effect of 7.5 M
urea on the FRET exhibited by a direct fusion of the two fluoro-
phores (synCF). In contrast, urea substantially reduces the FRET
signal of YsynC and FsynC (Fig. 2 B), indicating a specific disrup-
tion of a-synuclein structure, and supporting the existence of a
closed conformation in solution. Previous work has indeed sug-
gested that urea disrupts dipole coupling by the synuclein C ter-
minus, implicating long-range interactions in the native state
(Bertoncini et al., 2005b). However, the residual FRET in urea
also suggests a role for chance interaction of the two fluorophores
in the intramolecular FRET by synuclein reporters.

To characterize further the closed conformation of
a-synuclein, we tested the effects of salt concentration on FRET
by FsynC (Fig. 2C). The FRET is substantially higher at low salt
concentrations (<100 mm) and declines as the concentration of
salt increases. FRET remains detectable at even the highest salt
concentration tested (400 mm NaCl), and may under these con-

ditions reflect some combination of both hydrophobic interac-
tions and chance fluorophore proximity.

Membranes disrupt the relatively closed state of a-synuclein

We also used the FRET-based reporters to determine how the
conformation of a-synuclein changes on membrane association.
The addition of artificial membranes containing acidic phospho-
lipid reduces the FRET exhibited by YsynC, and FsynC shows a
similar decrease (Fig. 3A). However, the FRET shown by FsynCis
slightly more sensitive than that of YsynC to increasing concen-
trations of membranes (at 75 um, p < 0.001 for FsynC and p =
0.45 for YsynC relative to no lipid controls, two-tailed ¢ test),
consistent with the higher apparent affinity of FsynC for mem-
branes observed by CD. Importantly, membranes with acidic
phospholipid have no effect on the FRET of direct fusion synCF.
In addition, similar membranes without acidic phospholipid
have no effect on the FRET of FsynC and YsynC, even at the
highest concentrations (Fig. 3A), reflecting the specific require-
ment of a-synuclein for membranes containing acidic phospho-
lipids (Davidson et al., 1998). To assess further the specificity of
this interaction, we examined the competition between 400 nm
FsynC and increasing concentrations of untagged synuclein (Fig.
3B). The decrease in FRET caused by membrane binding was
reduced at 200 nm untagged synuclein and almost eliminated at 750
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Figure 3.  Membrane association reduces the intramolecular FRET of c-synuclein. 4,

YsynC, FsynCand synCF fusion proteins (400 nm) were incubated with increasing concen-
trations of membranes containing 10% cholesterol, 33% sphingomyelin, 33% brain phos-
phatidylserine and 23% brain phosphatidylcholine (binding lipids), or with 1 mm mem-
branes containing 33% cholesterol, 33% sphingomyelin, 33% brain phosphatidylcholine
(control lipids). YsynC and FsynC both show a progressive reduction in FRET at higher
binding lipid concentrations, whereas the maximum concentration of control lipids has no
effect. The direct fusion synCF shows high FRET not affected by the presence of binding
lipids. The results show mean = SEM; n = 4-16 wells per condition. B, FsynC fusion
proteins (400 nm) were added to binding lipids (400 M) and increasing concentrations of
untagged a-synuclein. Incubation with binding lipids decreases the FRET of Fsyn(, and
this decrease is reduced by coincubation with untagged «-synuclein at concentrations as
low as 200 nm. The results show mean == SEM; n = 412 wells per condition. C, FsynC
mutant fusion proteins were incubated with increasing concentrations of binding lipids.
In the absence of membranes, FE46KC shows higher intramolecular FRET than wild type or
the other mutants. In the presence of membranes, however, the FRET decreases to a
similar extent for all proteins. Data show mean = SEM; n = 412 wells per condition. D,
synC fusion proteins (400 nm) were incubated with either Fsyn or synF, in the presence or
absence of binding lipid (1 mm). In the presence of lipid, anincrease in intermolecular FRET
is detected in the presence of synF, but not Fsyn. Data show mean = SEM; n = 20 wells
per condition.

J. Neurosci., November 19, 2008 - 28(47):12305-12317 « 12309

nM. The change in FRET thus appears to reflect a specific interaction
with membranes, supporting the physiological relevance of the ob-
served changes in a-synuclein conformation. The requirement for
concentrations of untagged synuclein similar to those of FsynC also
supports the relatively native conformation of the reporter.

To assess the effect of point mutations known to cause PD on
the behavior of a-synuclein, we introduced the A30P, A53T and
E46K mutations into the FsynC construct. All of the mutants
exhibit substantial FRET in solution, but the E46K mutant shows
more FRET than the others, including wild type a-synuclein (Fig.
2C). Indeed, E46K FsynC exhibits more FRET than the other
mutants and wild type a-synuclein at NaCl concentrations up to
100 mM ( p < 0.01 relative to wild type at 0, 20 and 50 mm, and
p < 0.05 at 100 mM, by two-way ANOVA followed by Newman—
Keuls post hoc test). In contrast, both A30P FsynC and A53T
FsynC show less FRET than wild type at up to 100 mm NaCl ( p <
0.01 at 0, 20, 50 and 100 mM for A30P FsynC, p < 0.01 at 0, 20,
and 50 mm and p < 0.05 at 100 mMm for A53T FsynC). Artificial
membranes containing acidic phospholipid also reduce the FRET
of PD-associated FsynC mutants, with a potency similar to that
observed for the wild type protein (Fig. 3C). Although the A30P
mutation has little effect on the interaction of a-synuclein with
artificial membranes (Perrin et al., 2000; Bussell and Eliezer,
2004), it disrupts the enrichment of a-synuclein at synapses (For-
tin et al., 2004), and we do observe that in low salt, membranes
cause a proportionately smaller reduction in FRET by the A30P
FsynC mutant relative to wild type (Fig. 2D) ( p < 0.01 by three-
way ANOVA followed by Newman—Keuls post hoc test). At 400
mM NaCl, however, the A30P mutation does not affect either
baseline FRET or the change in FRET with membranes. In addi-
tion, both wild type and A30P a-synuclein show a proportion-
ately smaller reduction in FRET at high salt than low, consistent
with the dependence of synuclein membrane binding on ionic as
well as hydrophobic interactions (Davidson et al., 1998).

To determine whether the changes in FRET observed with
recombinant protein purified from bacteria would also occur in
cell extracts, we used transient expression in COS cells. Crude
COS cell extracts show minimal degradation of N- and
C-terminal fusion proteins (supplemental Fig. 1A, available at
www.jneurosci.org as supplemental material), and substantial
baseline FRET of YsynC but not isolated CFP + YFP or Ysyn +
synC reporters (supplemental Fig. 1B, available at www.
jneurosci.orgas supplemental material). Similar to the bacterially
expressed protein, YsynC expressed in COS cells also shows a
substantial reduction in FRET on membrane binding (supple-
mental Fig. 1 B, available at www.jneurosci.org as supplemental
material). To determine whether the ability of membranes to
reduce intramolecular FRET is restricted to the a-synuclein iso-
form, we also examined COS cell extracts expressing B-synuclein
(YBsynC). As suggested by the sequence similarity between
N-terminal membrane binding domains and the similar a-helical
shift by circular dichroism in the presence of membranes (Sung and
Eliezer, 2006), Y BsynC also shows baseline FRET and a reduction in
FRET on membrane binding (supplemental Fig. 1C, available at
www.jneurosci.org as supplemental material).

We then took advantage of this system to determine whether
the C terminus of a-synuclein is required for membrane associ-
ation, using constructs that contain either residues 1-80 or 1-100
from synuclein fused at the N terminus to YFP and at the C
terminus to CFP (Ysyn80C and Ysyn100C). Consistent with the
reduced distance between fluorophores, both truncation mu-
tants exhibit higher baseline FRET than wild type synuclein, but
still show a reduction in FRET on binding specifically to mem-
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(supplemental Fig. 1C,D, available at
www.jneurosci.org as supplemental mate-
rial). However, the A30P mutation essen-
tially eliminates the reduction in FRET on
membrane binding by Ysyn80C, indicat-
ing a more profound effect of the mutation
on membrane binding by a-synuclein in
the absence of the C terminus.

To assess further the contribution of
chance fluorophore interactions to the in-
tramolecular FRET observed at baseline by
the synuclein reporters, we made a FRET
reporter using 4EBP1, a 118 amino acid
protein that is also generally considered to
be natively unfolded (Fletcher et al., 1998).
Atbaseline, YAEBP1C shows FRET greater
than that of full-length a-synuclein (140
aa) but less than that of a deletion mutant
lacking the 40 C-terminal residues of
synuclein, suggesting either that chance
interactions contribute to the intramolec-
ular FRET of synuclein reporters or, as
previously suggested, that 4EBP1 retains
some residual structure (Wang et al.,
2003). Indeed, it may be very difficult to B
identify normal cellular proteins that do
not exhibit any native conformation. Most
important, however, the intramolecular
FRET of YAEBP1C does not decrease on
exposure to membranes, in contrast to the
behavior of a-synuclein. Although the anal-
ysis of 4EBP1 suggests a role for chance prox-
imity in the intramolecular FRET by
synuclein reporters, the effects of urea and
salt also indicate a more structured, closed
conformation, and the effect of membranes
shows that the state of synuclein in solution
is closed at least relative to its open confor-
mation on membrane binding.

Because the interaction of a-synuclein
with vesicles has been reported to promote
oligomer formation (Perrin et al., 2001),
we also assessed intermolecular FRET in
the presence of membranes capable of
binding synuclein (Fig. 3D). Interestingly, the combination of
synF and synC shows a small but definite signal for intermolecu-
lar FRET, whereas the combination of Fsyn and synC show no
detectable signal. A small fraction of membrane-bound synuclein
thus does form oligomers, and in the oligomeric state, the C
termini lie closer to each other than to the N termini. The absence
of FRET in the Fsyn and synC group also confirms that the residual
FRET signal from FsynC on binding lipids is composed entirely of
intramolecular FRET (rather than intermolecular FRET).

Figure4.

The conformation of a-synuclein in live cells

To assess the conformation of a-synuclein in living cells, we
transfected HeLa cells with the YsynC reporter and measured
FRET by photobleaching the YFP acceptor (Fig. 4A, B). Because
FRET requires distances between donor and acceptor fluoro-
phores <<5-10 nm, changes in FRET reflect alterations in protein
conformation that cannot be resolved by standard light micros-
copy (Patterson et al., 2000). Although laborious, acceptor pho-
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a-Synuclein adopts a closed conformation in HeLa cells. 4, B, HeLa cells were transfected with either synCand synY,
synCand Ysyn, YsynCor the direct fusion Y-C, and FRET was measured by photobleaching the acceptor two d later. YsynCexhibits
clearly detectable intramolecular FRET, indicating a partially closed conformation. The combinations of synC and synY, and synC
and Ysyn show no evidence of intermolecular FRET. The values indicate mean = SEM; n = 1011 cells per construct. Scale bar,
20 pum. €, Hela cells were microinjected with 60 wum Fsyn and synC, FsynCor synCF, and FRET measured by acceptor photobleach-
ing 3-5 h later. FsynC exhibits intramolecular FRET signal, indicating a partially closed conformation. Data show mean == SEM;
n = 11-26 cells per construct.

tobleaching also avoids artifacts that may arise with other meth-
ods, and provides definitive information about FRET (Snapp and
Hegde, 2006). As previously observed in live cells, the vast major-
ity of a-synuclein in cultured cells distributes freely in the cyto-
plasm (Fortin etal., 2005). Photobleaching also reveals a diffusely
distributed signal for intramolecular FRET, with no significant
intermolecular FRET using the combinations of synC and synY
and synC and Ysyn (Fig. 4A,B). A substantial fraction of the
a-synuclein in cells thus adopts a closed conformation, presum-
ably not bound to membrane.

Because the FsynC construct exhibits a slightly higher appar-
ent affinity for membranes than YsynC by both CD and FRET, we
also transfected HeLa cells with FsynC and labeled the transfected
cells with FIAsH (Griffin et al., 2000; Poskanzer et al., 2003; Hoff-
mann et al., 2005). However, the conditions required for labeling
produced toxicity and an unacceptable level of nonspecific, back-
ground fluorescence. For this reason, we microinjected HeLa
cells with 60 uM purified recombinant protein labeled in vitro
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0.001, supporting a predominantly closed
conformation for a@-synuclein in HelLa
cells. We also detected no spatial variation in
FRET to suggest a local membrane interac-
tion. However, the a-synuclein fusion pro-
teins produced in living cells can undergo a
conformational change in the presence of
lipid: extracts from transfected cells express-
ing YsynC show a clear reduction in FRET
on addition of artificial membranes contain-
ing acidic phospholipid (supplemental Fig.
1, available at www.jneurosci.org as supple-
mental material).

To assess the conformation of
a-synuclein in living neurons, we trans-
fected primary midbrain cultures with
YsynC. Similar to the positive YC fusion
control, raw donor fluorescence increases
after photobleaching, with no change in
fluorescence using the intermolecular re-
porters synC and synY or synC and Ysyn
(Fig. 5A-D). Individual cell bodies ex-
pressing the YC fusion and YsynC but not
the synC-synY or synC-Ysyn pair consis-
tently show an increase in fluorescence af-
ter photobleaching (supplemental Fig. 2,
available at www.jneurosci.org as supple-
mental material). However, the donor flu-
orescence of YsynC increases to a greater
extent in boutons than cell bodies (Figs.
5D, S2). The ratio of YsynC FRET/YC
FRET is 0.261 = 0.091 in neuronal cell
bodies and a remarkable 0.577 * 0.280 in
neuronal boutons, higher than that ob-
served in HeLa cells (0.343 * 0.0979) and
cell extracts without added membranes
(0.26 = 0.03). It is important to note that
the measurements at bouton and cell body
were obtained under very similar imaging
conditions, including magnification, laser
intensity and number of iterations for
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Figure 5.

with FIAsH. After microinjection, FsynC exhibits modest but def-
inite intramolecular FRET, with no intermolecular FRET de-
tected using the combination of Fsyn and synC (Fig. 4C). To
compare the extent of FRET in different experimental systems,
we calculated the ratio of mean FsynC FRET/SynCF FRET. In
HeLa cells, this ratio (0.145 * 0.08) exceeds that observed using
purified recombinant protein in the absence of any membranes
(0.11 = 0.01), whereas the same ratio in the presence of 1 mm
artificial membranes containing acidic phospholipid is 0.014 *

a-Synuclein adopts a closed conformation in neurons. A, B, Mesencephalic neurons were transfected with either
synCand synY, synCand Ysyn, YsynCor the direct fusion Y—C, and cultured for 14 —17 d. FRET was then measured in neuronal cell
bodies (A) and synaptic boutons (B) by acceptor photobleaching. Images show CFP and YFP fluorescence, before and after
bleaching. Scale bars: 4,5 um; B, 5 umand 0.5 wm for low- and high-power images, respectively. €, Neurons were imaged four
times to establish a baseline, then photobleached and four more images were collected. Synaptic boutons expressing YsynC and
the direct fusion Y—Cbut not the intermolecular pairs of synCand synY or synCand Ysyn show an increase in fluorescence of CFP
with photobleaching. D, Quantitation of the data from multiple cell bodies and synaptic boutons shows detectable FRET in both
locations, although greater in boutons. The values indicate mean == SEM; n = 11-24 per group.

bleaching. Only the scan time was longer
for cell bodies than boutons, because of the
difference in size. Despite the longer scan
time, YFP fluorescence at the cell body ex-
hibits very little recovery from photo-
bleaching. In the case of YsynC, recovery at
the cell body was 11.3 = 0.978% (n = 5)
over ~25-50 s (the time required for four
images after bleaching, depending on the
size of the cell body). In contrast, YFP flu-
orescence at the bouton recovered 40.1 *
1.66% (n = 24) >7-8 s, presumably be-
cause of the presence of unbleached, mo-
bile protein in the adjacent axon and neighboring boutons. Be-
cause the movement of unbleached protein into the bleached area
during the bleach would reduce the extent of FRET, the FRET
measured in boutons is an underestimate of the true value.

The FRET observed in neurons does not depend on the con-
centration of the FsynC reporter. Indeed, we deliberately selected
boutons and cell bodies with similar levels of YFP fluorescence,
and detected no correlation between initial YFP fluorescence and
FRET (supplemental Fig. 3B, available at www.jneurosci.org as
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supplemental material). Further, in vitro
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experiments show only a very small in- YsvnC 1 mg/ml
crease in FRET for FsynC over a 16-fold A 08 Y FsynC B 2.5 mg/ml
change in concentration (supplemental 0.6 0.4
Fig. 34, available at www.jneurosci.orgas  |g
supplemental material), much smaller E 0.4 I I 5 I I I
than the effects of membrane binding. 0.2 )
Nonetheless, for all of the in vivo studies,
we have selected for analysis cells exhibit- 0.0 0.0 :

C LP1 LP2 LS2 Cc LP1 LP2 LS2

ing low levels of fluorescence to avoid po-
tential artifacts of over-expression. It is B
also possible that synaptic boutons simply
contain more membrane than cell bodies,

but we found that the membrane interac-

tion now characterized by many groups in =
vitro reduces rather than increases FRET Iﬁ':"
by the YsynC and FsynC reporters. Unde- -
fined conditions at synaptic boutons thus
promote the closed conformation of
a-synuclein, whereas cell bodies favor a
more open conformation, suggesting dis-

tinct interactions at these two sites. In pre- D
vious work, we found that synaptic activity
results in the dispersion of a-synuclein
from boutons, but we have thus far failed
to detect any associated change in FRET
(data not shown), probably because any
conformational change would affect the
protein lost rapidly from the field of view,
and the protein that remains does not
change conformation.
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We also found no evidence for inter-
molecular FRET in vivo. The FRET pair
synF and synY (Fig. 3D) and others (un-
published observations, A. Fink) can de-
tect oligomers and the initial stages of fi-
brillation, but we did not observe FRET
using these intermolecular reporters in
vivo, suggesting that the preponderance of
a-synuclein in living neurons is mono-
meric. A small fraction of a-synuclein may
exist in oligomeric form, but at levels lower
than we can detect.

Binding to native membranes reveals an
interaction with mitochondria
To characterize the factors that might ac-
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Figure 6.  Selective interaction of c-synuclein with mitochondria. A, The FRET of recombinant YsynC (left) and FsynC (right)
(400 nm) was measured in 1 (light gray) and 2.5 mg protein/ml (dark gray) membrane (LP1, LP2) and nonmembrane fractions
(LS2). The brain fractions did not reduce FRET in any group, whereas FRET actually increased in some groups. Values indicate
mean = SEM; n = 3-21 wells per group. B, The FRET of YsynC and FsynC was determined in the presence of either brain
mitochondria (left) or liver mitochondria (right). Brain and particularly liver mitochondria dramatically reduce intramolecular
FRET. Results show the mean == SEM; n = 411 wells per condition. C, Liver endoplasmic reticulum fails to decrease the FRET of
FsynC. Instead, the signal increased modestly in both groups. Results show mean = SEM; n = 7—8 wells per condition. D, The
FRET of mutant FsynC fusion proteins was determined in the absence (black) or presence (dark gray) of 2.5 mg/ml brain mito-
chondria. In the presence of mitochondria, FRET decreases to the same extent in all groups. The synCF fusion showed no change in
FRET under the same conditions. Values indicate mean == SEM; n = 4 —8 wells per group. E, FsynC (400 nm) was added to brain
mitochondria (2.5 mg/ml), and incubated for 5 min in 0.32 m sucrose, 1 mm EDTA, 10 mu Tris, pH 7.4 (isolation buffer) without or
with the proton ionophore FCCP (10 wum) before measuring FRET. The ability of mitochondria to reduce FRET of FsynC does not
depend on a proton electrochemical gradient. The greater baseline FRET here than in B presumably reflects the lower ionic
strength in E. The values indicate mean = SEM; n = 4 wells per group.

count for the different conformation of

a-synuclein at synaptic boutons and cell bodies, we examined its
interaction with native membranes, again using the FRET-based
reporters. Although the tight binding of a-synuclein to artificial
membranes in vitro and the associated conformational change
strongly suggest that membrane binding occupies an important
place in the function of a-synuclein, previous work has indicated
that a-synuclein binds only weakly to membranes in vivo (Kahle
et al., 2000; Fortin et al., 2005). In addition, the presence of en-
dogenous membrane proteins makes it impossible to study
a-synuclein binding to native membranes by CD, and the low
affinity of interaction may preclude detection by the relatively
slow biochemical methods required for separating free from
bound protein. The predominantly closed conformation ob-
served by FRET is consistent with partial or weak binding in cells,
but intramolecular FRET also provides a simple assay for the

interaction of a-synuclein with native membranes in vitro. The
loss of FRET by YsynC and FsynC on membrane binding is es-
sentially instantaneous, and compatible with the presence of
nonfluorescent endogenous proteins. In addition, use of the
FRET assay in vitro enables us to increase the lipid: protein ratio,
and this is crucial to detect the interaction of synuclein even with
artificial membranes.

Because a-synuclein localizes predominantly to presynaptic
boutons in neurons, we first measured FRET of both YsynC and
FsynC in the presence of rat brain synaptic plasma membrane
fraction LP1, synaptic vesicle fraction LP2 and soluble synaptic
fraction LS2 (Fig. 6 A). However, none of these fractions (at up to
2.5 mg protein/ml) reduce the baseline FRET of YsynC or FsynC.
In fact, both reporters show a small increase in FRET in the pres-
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ence of these fractions, consistent with the high FRET observed at
synaptic boutons in vivo (Fig. 6).

Considering the substantial evidence implicating mitochon-
dria in the pathogenesis of PD, we also investigated the interac-
tion of YsynC and FsynC with mitochondria. In contrast to syn-
aptic membrane fractions, mitochondria prepared from rat brain
produce a clear, dose-dependent decrease in FRET for both re-
porters (Fig. 6 B). Because endogenous a-synuclein might com-
pete with the fluorescent reporters for binding, we also used mi-
tochondria from the liver, which does not express synuclein.
Liver mitochondria reduce the FRET of both reporters even more
dramatically (Fig. 6 B), strongly supporting a direct interaction of
a-synuclein with mitochondria. Although a recent report has
described the energy-dependent import of a-synuclein into mi-
tochondria (Devi et al., 2008), it is important to note that the
interaction we observe is essentially instantaneous. As observed
with artificial membranes, PD-associated mutations have little
effect on the sensitivity of FsynC FRET to brain mitochondria,
although the magnitude of change was greater with E46K because
of a higher baseline level of FRET (Fig. 6 D).

Because mitochondrial preparations frequently contain con-
taminating endoplasmic reticulum (ER) (supplemental Fig. 4,
available at www.jneurosci.org as supplemental material), we
further tested the interaction of synuclein with purified ER. In-
deed, we detected the ER protein calreticulin in both brain and to
a greater extent, liver mitochondria (supplemental Fig. 4 B, avail-
able at www.jneurosci.org as supplemental material). In contrast
to mitochondria, however, purified ER (which contains very
small amounts of cytochrome C) (supplemental Fig. 4 B, avail-
able at www.jneurosci.org as supplemental material) fails to re-
duce FRET of the FsynC reporter. In fact, the FRET increases
slightly in the presence of liver ER, for unclear reasons (Fig. 6C).
We find no evidence of intermolecular FRET between Fsyn and
synC in the presence of any membranes tested (LP1, LP2, LS2,
brain mitochondria, liver mitochondria or ER) (data not shown).

To assess an interaction with mitochondria using biochemical
methods, we examined the distribution of a-synuclein in rat
membrane and nonmembrane fractions by Western analysis.
Figure 7A shows the largest amount of endogenous a-synuclein
in synaptic cytosol fraction LS2, presumably because most of the
protein is soluble. Among membrane fractions normalized either
by protein content (Fig. 7A) or by percentage of starting material
(supplemental Fig. S4A, available at www.jneurosci.org as sup-
plemental material), however, the synaptic plasma membrane
fraction LP1 (enriched in Na */K " -ATPase) contains substan-
tially more endogenous a-synuclein than the synaptic vesicle
fraction LP2 (enriched in synaptophysin) with which
a-synuclein has generally been considered to associate. Because
LP1 contains more mitochondrial ATP synthase than LP2, the
fractionation of a-synuclein correlates with the amount of mito-
chondria. Further, purified brain mitochondria contain more
a-synuclein than any of the other membrane fractions when
standardized by protein content (Fig. 7A), but levels similar to
LP1 when standardized by percentage of starting material (sup-
plemental Fig. S4, available at www.jneurosci.org as supplemen-
tal material).

Because differences in preparation might account for the
varying levels of a-synuclein in different membranes, we also
used sedimentation followed by Western analysis to assess the
binding of untagged, recombinant human a-synuclein. Figure
7B shows that 100 nM exogenous a-synuclein binds more tightly
to LP1 than LP2, and LP1 again contains more mitochondrial
ATP synthase than LP2. Exogenous a-synuclein binds still more
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Figure 7. Brain mitochondria contain endogenous a-synuclein and bind to exogenous
ae-synuclein. A, Purified rat brain mitochondria (BM) and liver mitochondria (LM), and synaptosomal
fractions LP1 (synaptic plasma membrane), LP2 (synaptic vesicles), and LS2 (synaptic cytosol) were
immunoblotted for endogenous cx-synuclein as well as for the plasma membrane Na/K ATPase, mi-
tochondrial ATP synthase and the synaptic vesicle protein synaptophysin. In addition to alarge soluble
pool in LS2, endogenous ce-synuclein shows preferential enrichment in brain mitochondria, and toa
lesser extent in LP1, which also contains mitochondrial ATP synthase. B, Brain mitochondria, LP1and
LP2 were incubated with recombinant untagged human «-synuclein (at 10 or 100 nw) for 15 min at
room temperature before dilution, sedimentation, and immunoblotting the pelleted membranes
with an antibody specific to human a--synuclein. €, FsynC (400 nm) was incubated with increasing
concentrations of artificial liposomes containing DOPA:DOPC (1:1 molar ratio), DOPA: DOPS (1:1),
heart cardiolipin (HC):DOPC (1:1), 1,1,2,2-tetraoleoyl cardiolipin (TC):DOPC (1:1), or DOPC alone, and
the FRET measured. The values indicate mean == SEM; n = 4 —8 wells per group.

strongly to brain mitochondria, even at a 10-fold lower concen-
tration (10 nM). Both the distribution of endogenous a-synuclein
in brain fractions, and the binding of exogenous a-synuclein to
these brain fractions thus correlate with the content of mitochon-
dria, supporting the significance of changes in synuclein confor-
mation observed by FRET in the presence of mitochondria. In
contrast to previous work focusing on the interaction of
synuclein only with mitochondria (Li et al., 2007; Devi et al.,
2008), the analysis by both fluorescence and biochemical meth-
ods demonstrates that the interaction of a-synuclein with mito-
chondria is selective. The reduced FRET at cell bodies may thus
reflect a specific association of synuclein with mitochondria.

To determine whether the binding of a-synuclein might de-
pend on mitochondrial activity, we depolarized brain mitochon-
dria with the proton ionophore FCCP (10 uM). At this concen-
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tration, FCCP entirely dissipates mitochondrial membrane
potential. Consistent with this, preincubation of isolated brain
mitochondria with FCCP for 5 min decreased the accumulation
of 50 nm Mito Tracker Red CMXRos (M7512; Invitrogen), from
227 *+ 19.5 (untreated) to 127 = 26.0 arbitrary fluorescence units
(treated). The residual Mitotracker Red in the presence of FCCP
has been described previously (Brown et al., 2006) and may rep-
resent membrane potential-independent binding of the dye to
mitochondria. However, FCCP has no effect on the change in FRET
produced by these mitochondria using FsynC as the reporter (Fig.
6E). Thus, the interaction of a-synuclein with mitochondria does
not appear to depend on the functional status of this organelle.
Because mitochondria contain large amounts of the acidic
phospholipid cardiolipin, and a-synuclein is known to require
acidic phospholipids for binding to artificial membranes, we as-
sessed specifically a potential interaction with cardiolipin. Over a
range of membrane concentrations, we found that like vesicles
containing  phosphatidic acid  (1,2-dioleoyl-sn-glycero-3-
phophate, DOPA), vesicles containing either heart cardiolipin
(HC) or synthetic 1,1,2,2-tetraoleoyl cardiolipin (TC) potently
reduce the FRET of FsynC, and vesicles containing only phos-
phatidylcholine (1,2-dioleoyl-sn-glycero-3-phosphocholine,
DOPC) have >200-fold lower apparent affinity (Fig. 7C). The
dose—response analysis shows no difference in apparent affinity
among HC, TC, or phosphatidic acid. However, a-synuclein has
a somewhat lower affinity for vesicles containing phosphatidyl-
serine (1,2-dioleoyl-sn-glycero-3-[phospho-L-serine], DOPS)
(p < 0.05 than vesicles containing phosphatidic acid at 2.5 um,
and p <0.01 at 15,30 and 75 um by two way ANOVA followed by
Newman—Keuls post hoc test). Although a-synuclein requires
acidic head groups for association with membranes, it thus pre-
fers phosphatidic acid and cardiolipin to phosphatidylserine.

Discussion

a-Synuclein adopts a relatively closed conformation in vitro
and in vivo

The results described here provide evidence for a relatively closed
state of a-synuclein in vitro and in living cells. In particular, we
observe FRET between the N and C termini of e-synuclein both
in vitro and in vivo. Characterized first in vitro using recombinant
protein, the interaction is intramolecular because we do not ob-
serve FRET between singly tagged proteins. The analysis of
4EBP1, another natively unfolded protein of similar size, suggests
that the intramolecular FRET by synuclein reporters may reflect
the chance proximity of fluorophores. However, we also find that
urea disrupts their FRET without affecting the FRET exhibited by
a direct fusion of the fluorescent proteins. Salt also reduces the
extent of FRET, consistent with previous results suggesting a na-
tive conformation maintained by electrostatic interactions (Ber-
toncini et al., 2005b). Although a-synuclein behaves like a na-
tively unfolded protein by CD and other methods (Weinreb et al.,
1996; Uversky et al., 2001b), more recent studies using paramag-
netic relaxation enhancement and NMR dipolar couplings (Ber-
toncini et al., 2005b; Dedmon et al., 2005) have indeed demon-
strated long-range interactions between the C terminus and other
domains of a-synuclein, as well as an intrinsic fold involving the
N-terminal 28 residues. Another study using H-N-Heteronuclear
single quantum coherence (HSQC) spectra also describes an in-
crease in secondary structure within the first N-terminal 100 aa that
becomes more prominent with temperature (McNulty et al., 2006).
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Membrane association converts a-synuclein from closed to
open conformation
Exposure to artificial membranes with acidic phospholipids dra-
matically reduces the baseline FRET of YsynC and FsynC, indi-
cating that the ends of a-synuclein move apart on membrane
binding. Previous EPR studies have indeed suggested that
a-synuclein forms an elongated helical structure on binding
small unilamellar vesicles (Jao et al., 2004). Presumably, membrane
association displaces the C terminus of a-synuclein from the
N-terminal membrane-binding domain, or at least separates the N
and C termini, thus reducing the likelihood of chance proximity.
What is the physiological role of a shift in a-synuclein confor-
mation from closed to open on membrane binding? Analogy to
other proteins involved in signal transduction suggests that the
change in conformation may serve to regulate the function of
a-synuclein. Phosphorylation disrupts the closed conformation
of src-family nonreceptor tyrosine kinases, exposing the active
site and enabling phosphorylation of substrates (Cooper and
Howell, 1993). Similarly, the activation of protein kinase C by
translocation to the plasma membrane involves destabilization of
aclosed state (Oancea and Meyer, 1998; Schechtman et al., 2004).
We speculate that a-synuclein may also undergo activation by
membrane binding. If a-synuclein acts directly on membranes,
the C terminus may simply serve to regulate the function of the
N-terminal membrane-binding domain. Alternatively, mem-
brane binding may activate the function of the acidic C terminus.

a-Synuclein binds specifically to mitochondria

a-Synuclein has generally been considered to associate with syn-
aptic vesicles. It was originally purified in association with synap-
tic vesicles from the Torpedo electric organ (Maroteaux et al.,
1988), and is clearly enriched at presynaptic boutons (Fortin et
al., 2005). However, it has been very difficult to demonstrate
direct binding of a-synuclein to any native membrane fraction
(George et al., 1995; Kahle et al., 2000). The evidence of high
mobility by FRAP and a predominantly closed state by FRET are
consistent with weak membrane interactions in vivo. Nonethe-
less, the analysis of FRET has also enabled us to assay the mem-
brane binding of a-synuclein in vitro. In particular, the instanta-
neous change in FRET on membrane addition eliminates any
requirement for separation of free from bound protein. The at-
tachment of fluorophore to a-synuclein rather than lipid also
permits the analysis of native membranes, with their own endog-
enous but unlabeled proteins. We now find that synaptic mem-
branes do not substantially affect the FRET of recombinant
a-synuclein. Rather, mitochondria, and particularly those from
the liver which do not contain endogenous a-synuclein, dramat-
ically reduce the FRET of YsynC and FsynC.

Considering the robust interaction of a-synuclein with mito-
chondria, why have many studies failed to observe a mitochon-
drial localization (Withers et al., 1997; Rideout et al., 2003; Fortin
et al., 2005)? The previous analysis by circular dichroism (Zhu
and Fink, 2003) and our current work using FRET-based report-
ers suggest a simple explanation. Even in vitro, membrane bind-
ing can only be detected at high lipid: protein ratios, presumably
because the excess of membrane drives an intrinsically weak in-
teraction with limited binding sites. In living cells, however, the
lipid: protein ratio is almost certainly lower, allowing unbound
synuclein to obscure any bound fraction. Nonetheless, a small
bound fraction may well be crucial for the physiological role of
synuclein, as it is for many other peripheral membrane proteins.
However, several recent studies have begun to suggest a mito-
chondrial localization for a-synuclein in fixed cells under normal
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as well as pathologic conditions (Martin et al., 2006; Li et al.,
2007; Devi et al., 2008; Cole et al., 2008; Shavali et al., 2008; Zhang
et al., 2008). The specificity of this localization has been difficult
to assess, but FRET-based and biochemical assays now show that
a-synuclein interacts specifically with mitochondria.

The interaction of a-synuclein with mitochondria raises ad-
ditional questions. First, how can the binding of synuclein to
mitochondria be reconciled with its presynaptic enrichment?
Many but not all axon terminals contain mitochondria (Shep-
herd and Harris, 1998), and a-synuclein generally shows little
localization to cell body and dendrites, which contain abundant
mitochondria. @-Synuclein may also interact with synaptic mem-
branes, but without the same change in conformation produced
by artificial membranes or mitochondria. However, it is impor-
tant to note that in midbrain dopamine neurons, the cells vulner-
able to degeneration in PD, a-synuclein often occurs at relatively
high levels in the cell body (Mori et al., 2002; Andringa et al.,
2003; Rideout et al., 2003; Zhang et al., 2008). In addition, both
MPTP toxicity and sporadic PD involve accumulation of
a-synuclein in the cell body (Purisai et al., 2005; Mori et al.,
2006), possibly as a result of its interaction with mitochondria.
Although we have not detected the mitochondrial enrichment of
a-synuclein in living cells by optical imaging, the relatively low
FRET observed in neuronal cell bodies may nonetheless reflect
the interaction of a-synuclein with mitochondria.

Second, how might a-synuclein interact specifically with mi-
tochondria? Depolarization does not affect binding to
a-synuclein, suggesting that the functional state of the mitochon-
dria is less important than other factors, such as lipid composi-
tion. Mitochondria contain large amounts of the acidic phospho-
lipid cardiolipin, primarily on inner membranes, but also on
outer (Daum, 1985; Sperka-Gottlieb et al., 1988; Hovius et al.,
1993; Liu et al., 2003). Considering the requirement for acidic
phospholipid in binding to artificial membranes, these concen-
trations may increase the affinity for a-synuclein. Consistent
with this possibility, we find that a-synuclein binds equally well
to cardiolipin and phosphatidic acid. Importantly, a-synuclein
binds less strongly to phosphatidylserine, indicating specificity
among the acidic phospholipids.

Implications for PD
The results have implications for the pathogenesis of PD. The
association of a-synuclein with membranes might be expected to
protect against its aggregation. An a-helical shift produced by
membrane binding presumably reduces the likelihood of adopt-
ing the B-sheet conformation found in amyloid fibrils (Conway
etal., 2000). However, displacement of the C terminus by mem-
branes may have the opposite effect, allowing the membrane-
binding domain to form fibrils. Indeed, truncation of the C ter-
minus dramatically increases the fibrillation of a-synuclein, and
has been used to produce a robust transgenic model for synucle-
inopathy (Serpell et al., 2000; Tofaris et al., 2006). An open con-
formation may expose hydrophobic sequences within the
membrane-binding N terminus, allowing the protein to aggre-
gate (Bertoncini et al., 2005b). The higher proportion of open
conformation synuclein in cell bodies relative to synaptic bou-
tons may thus predispose to misfolding specifically at this site.
All of the PD-associated mutations influence the conforma-
tion of a-synuclein in vitro, although the specific effect varies.
A30P and A53T mutations both reduce the closed conformation,
consistent with increased structural fluctuation and reduced
shielding of the internal hydrophic domain (Bertoncini et al.,
2005a). At low salt concentrations, however, membrane binding
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has less effect on A30P than wild type or A53T a-synuclein, as
previously reported (Jo et al., 2002). In contrast, E46K has a more
closed conformation in solution, and previous work has indeed
reported an increased retention time for this mutant by size ex-
clusion chromatography (Fredenburg et al., 2007). The change in
FRET produced by membranes further indicates that the more
closed conformation of E46K a-synuclein does not present an
obvious impediment to membrane association.

Although not previously linked to a-synuclein, considerable
work has suggested a central role for mitochondrial dysfunction
in PD. PD has been associated with a defect in mitochondrial
complex I (Schapira et al., 1990), and brain mitochondria from
patients with PD accumulate more mutations than unaffected
controls (Bender et al., 2006). In addition, several genes respon-
sible for mendelian forms of PD have been suggested to associate
with mitochondria (Canet-Avilés et al., 2004; Valente et al., 2004;
Biskup et al., 2006), and mutations in two (parkin and PINKI)
produce severe mitochondrial abnormalities in Drosophila flight
muscle (Greene et al., 2003; Clark et al., 2006; Park et al., 2006).

Previous work has also raised the possibility of an interaction
between synuclein and mitochondria. Mice lacking a-synuclein
are relatively resistant to the mitochondrial neurotoxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Dauer
et al., 2002) and other mitochondrial toxins (Klivenyi et al.,
2006). In addition, cells and transgenic mice expressing wild type
and mutant synuclein develop marked mitochondrial degenera-
tion (Hsu et al., 2000; Smith et al., 2005; Martin et al., 2006;
Stichel et al., 2007). Further, the loss of a-synuclein leads to a selec-
tive decrease in the mitochondrial lipid cardiolipin (Ellis et al., 2005).
The results reported here suggest that these observations may reflect
a direct interaction of synuclein with mitochondria.
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