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ABSTRACT: R-Synuclein (RS) is a cytosolic protein involved in the etiology of Parkinson’s disease (PD).
Disordered in an aqueous environment,RS develops a highly helical conformation when bound to
membranes having a negatively charged surface and a large curvature. It exhibits a membrane-
permeabilizing activity that has been attributed to oligomeric protofibrillar forms. In this study, monomeric
wild-type RS and two mutants associated with familial PD, E46K and A53T, formed ion channels with
well-defined conductance states in membranes containing 25-50% anionic lipid and 50% phosphati-
dylethanolamine (PE) in the presence of a trans-negative potential. Another familial mutant, A30P, known
to have a lower membrane affinity, did not form ion channels. Ca2+ prevented channel formation when
added to membranes beforeRS and decreased channel conductance when added to preformed channels.
In contrast to the monomer, membrane permeabilization by oligomericRS was not characterized by
formation of discrete channels, a requirement for PE lipid, or a membrane potential. Channel activity,
R-helical content, thermal stability of membrane-boundRS determined by far-UV CD, and lateral mobility
of RS bound to planar membranes measured by fluorescence correlation spectroscopy were correlated. It
was inferred that discrete ion channels with well-defined conductance states were formed in the presence
of a membrane potential by one or several molecules of monomericRS in anR-helical conformation and
that such channels may have a role in the normal function and/or pathophysiology of the protein.

R-Synuclein (RS),1 a 140 residue cytosolic protein enriched
in neurons, is involved in the pathogenesis of Parkinson’s
disease (PD) (1). Membrane binding is thought to be essential
for the cellular function ofRS, which may involve regulation
of the size of a reserve pool of synaptic vesicles in the brain
(1, 2). Disordered in an aqueous environment, monomeric
RS develops anR-helical conformation upon binding to
membranes containing anionic lipid or phosphatidylethano-
lamine (PE), a phospholipid that supports nonbilayer struc-
tures, or when it is bound to the curved membranes of
vesicles with a small diameter (3-5).

An NMR structure obtained in the presence of the anionic
detergent SDS (6-8) revealed two longR-helices separated
by a turn in the N-terminal and central regions ofRS. The
segment spanning residues 4-60 has a basic character (pI
9.5; Figure 1). The C-terminal region ofRS (residues 104-
140) is very acidic (pI 3.1) and therefore would have a
limited interaction with a negatively charged membrane
surface. Three point mutants ofRS linked to familial PD,
A30P, E46K, and A53T, have different membrane-binding
affinities. A30P and E46K have lower and higher affinity
than wild-typeRS, and the affinity of A53T is similar to
that of wild-typeRS (5, 9-14).

During fibrillization, RS forms oligomeric intermediates
termed protofibrils (15, 16). It has been shown that protofibril-
lar RS and other soluble amyloid oligomers bind strongly to
vesicle membranes and form porelike structures with non-
selective leakage of compounds having a hydrodynamic
radius less than∼2.5 nm (17-21). Membrane permeabili-
zation by RS protofibrils has been considered to be a
ubiquitous example of the action of an amyloid pore, which
has been proposed to underlie a mechanism common to
neurodegenerative disease pathogenesis (19-22). An alterna-
tive proposal for a porelike mechanism of membrane
permeabilization is that soluble amyloid oligomers do not
form discrete ion channels but rather increase membrane
conductance by decreasing the membrane dielectric barrier
(22, 23). It is noteworthy that previously described liposome
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permeabilization by oligomericRS required the presence of
anionic lipid and was more efficient with SUV of 30 nm
diameter than with LUV, properties similar to those dem-
onstrated for helix formation by monomericRS (17, 18).

In this study, monomeric wild-typeRS and the E46K and
A53T mutants related to familial PD were shown to form
ion channels in planar bilayer membranes containing anionic
and curvature-inducing lipids. From the correlation between
the lipid specificity for formation of discrete ion channels
and the helical secondary structure, as well as from FCS
analysis of lateral mobility ofRS in the planar bilayer
membrane, it was concluded that well-defined stable ion
channels can be formed by monomericRS in anR-helical
conformation.

EXPERIMENTAL PROCEDURES

Purification of RecombinantR-Synuclein.RecombinantRS
was expressed inEscherichia coliand purified as described
previously (16, 24). After ammonium sulfate precipitation,
the redissolved protein mixture was boiled for 5 min, cleared
of insoluble protein by centrifugation and filtration (0.22µm
filter), and purified on a DEAE-Sepharose FF column (16
× 100 mm, Amersham Biosciences). Fractions containing
RS, identified by SDS-PAGE, were dialyzed against 10 mM
NH4HCO3 and lyophilized. A solution ofRS was prepared
by dissolving the lyophilized protein in 20 mM NaPi, pH
7.4, to a concentration of 0.3-1 mM. Monomeric, dimeric,
and oligomeric RS were isolated by fractionating the
dissolved protein on a Superdex 200 column, as described
previously (16). TheRS concentration was determined after
subtraction of background light scattering by use of the
extinction coefficient 5960 M-1 cm-1 at 280 nm (25).

Fluorescent Labeling ofRS.The monomeric A53C mutant
of RS, 0.2 mM, was incubated with tetramethylrhodamine-
6-maleimide (TMR), 1 mM, at 4°C for 10 h. Free TMR
was removed by size-exclusion chromatography on a Sepha-
dex G-25 column.

Vesicle Preparation.Phospholipids DOPC, DOPE, DOPG,
and DOPS were purchased from Avanti Polar Lipids
(Alabaster, AL). LUV were prepared as decribed (26) by
extrusion through a polycarbonate filter with 0.1µm pores.

SUV were prepared by ultrasonic treatment of lipid suspen-
sion in buffer solution in an ultrasonic bath (Bransonic 12,
Branson).

Circular Dichroism.Far-UV CD spectral measurements
were carried out with a J-810 spectropolarimeter (Jasco).
Spectra were measured at 25°C, in cuvettes with an optical
path length of 0.1 mm. The fractional helix content ofRS,
HRS, was calculated as previously described (27), with the
assumption of linear dependence on the measured mean
molar ellipticity at 222 nm,Θ222:

where Θaq ) 2680 deg cm2 dmol-1 is the mean molar
ellipticity of unorderedRS in an aqueous environment, and
Θmax ) -42 500 deg cm2 dmol-1 is the ellipticity of a
complete helix of infinite length. The correction for end
effects, 1- (x/Nr), is associated withx non-hydrogen-bonded
carbonyls in a complete helix. ForRS,Nr ) 140 amino acids
andx ) 3 (27).

Thermal denaturation of membrane-boundRS was mea-
sured at 222 nm in a stirred cuvette with an optical path
length of 5 mm and a rate of temperature change of 0.5°C/
min. The apparent midpoint temperature of the protein
melting transition,Tm, was obtained from the first derivative
of the thermal melting curve after noise reduction via a FFT
algorithm.

Fluorescence Correlation Spectroscopy.Experiments were
carried out on free-standing Mu¨ller-Rudin-type horizontal
planar bilayer lipid membranes (28) formed from DOPG and
bacterial PE (1:1 by weight; Sigma) by spreading a lipid
solution across a circular hole, 0.2 mm in diameter, in a
diaphragm separating two aqueous phases. The experimental
chamber consisted of a 2 mL lower solution with a 50µm
distance from the bottom glass slide to the septum holding
the membrane, and a 0.5 mL upper solution as described
(29). Formation of a black membrane was observed visually
in both transparent and fluorescent modes. The bathing
solution contained 100 mM KCl and 2 mM HEPES, pH 7.0.
Excitation of fluoresence utilized a Nd:YAG solid-state laser

FIGURE 1: Amino acid sequence and distribution of pI values ofRS; ribbon diagram derived from NMR structure ofR-synuclein bound
to SDS micelles [PDB code 1XQ8 (8)]. Acidic (D, E) and basic (K, R) side chains are shown in red and blue in the sequence, in which
six imperfect hexamer repeats are highlighted. Table: isoelectric points (pI) of full-length RS, residues 1-140, and its N-terminal basic
(4-60), central NAC (61-95), and C-terminal acidic (104-140) segments, were calculated with the program ProtParam (25). Ribbon
diagram ofRS and position of mutations A30P, E46K, and A53T, associated with PD familial mutants, were generated by Swiss-PDB
viewer version 3.7 and POV-ray version 3.6 programs.

HRS )
Θ222 - Θaq

Θmax(1 - x
Nr

) - Θaq

(1)
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with a 532 nm beam attached to an Olympus IMT-2
epifluorescent inverted microscope equipped with a 40×, NA
1.2 water immersion objective (Carl Zeiss, Jena, Germany).
The fluorescence, after passing through an appropriate
dichroic beam splitter and a long-pass filter, was imaged
onto a 100µm core fiber coupled to an avalanche photo-
diode (SPCM-AQR-13-FC, Perkin-Elmer Optoelectronics,
Vaudreuil, Quebec, Canada), whose output signal was
digitized with the interface card (Flex02-01D/C, Bridgewater,
NJ). The data acquisition time was 30 s. To calibrate the
setup, the FCS signal from a solution of rhodamine 6G was
recorded. Assuming the diffusion coefficient of the dye to
be 2.5× 10-6 cm2/s, a value of confocal radiusω ) 0.61
µm was obtained. The correlated fluorescence emission
signals were fit by a two-dimensional autocorrelation func-
tion (30):

whereτ andτD, respectively, are the time variable and the
lateral diffusion time that a molecule stays in the focal
volume, andN is the number of particles in this volume.
The diffusion coefficient,D, was calculated from the equation
for two-dimensional diffusion:

whereω2 is the mean square distance that the fluorophore
moves in time,τD.

Ion Channel Measurements in Planar Bilayers.Planar
bilayer membranes were formed as described previously (31),
by use of ann-decane solution of a lipid mixture containing
PC, PE, PG, and PS (all dioleoyl forms), at a given molar
ratio, applied by a brush technique (28), and a bathing
solution consisting of 2 mM HEPES and 0.1 M KCl, pH
7.0. RS was added to the cis compartment to a final
concentration of 2-10 µg/mL, and the solution was stirred
until channels appeared. Trans-membrane current was mea-
sured in the voltage-clamp mode with Ag/AgCl electrodes,
using a BC-525C amplifier (Warner Instruments, Hamden,
CT). The sign of the trans-membrane potential refers to that
applied on the cis side of the membrane.

RESULTS

Separation of Aggregated (Oligomeric) and Monomeric
Forms ofR-Synuclein by FPLC.Lyophilized E46KRS, in
an amount (25 mg) sufficient to prepare samples of monomer
and oligomer for spectral and channel measurements, was
passed through a Superdex 200 column (Figure 2,s).
OligomericRS eluted in the void column volume (peak at
7.4 mL). The presence of oligomericRS in the void-volume
fraction was verified by Western blotting, which revealed a
characteristic smear ofRS immunoreactivity in the upper
part of the SDS-polyacrylamide gel (32). Due to column
overloading, the monomeric form eluted as a broad peak
between 12.5 and 16.5 mL. An additional peak at 11.5 mL
was attributed to small aggregates (dimer). Reruns of dimer/
monomer fractions through the same column show the
presence of two species that eluted at volumes>11 mL:

dimeric (peak 11.5 mL; Figure 2,- ‚ -) and monomeric
(peak 13.3( 0.2 mL; - - - and ‚‚‚) RS.

Both dimeric and monomericRS in solution displayed the
far-UV CD spectrum of a completely unordered protein,
characterized by a minimum below 200 nm (Figure 3,4).
However, in the presence of SUV composed of 50% anionic
DOPG and 50% DOPE (Figure 3,2), these forms assumed
a predominantly helical conformation characterized by
minima at 208 and 222 nm and a maximum at 192 nm.
Interpretation of the small-amplitude CD spectrum of the
soluble oligomer is complicated by the presence of significant

G(τ) ) 1
N

1

1 + τ
τD

(2)

D ) ω2

4τD
(3)

FIGURE 2: Chromatographic separation of oligomeric and mono-
meric forms ofRS. Lyophilized E46K mutant ofRS (25 mg) was
dissolved in 0.5 mL of 20 mM NaPi, pH 7.4. After removal of
insoluble material by filtration through a 0.2µm filter, RS was
applied to a Superdex 200 column (10/300) with detection of protein
peaks by UV absorbance at 280 nm (s). Eluted fractions were
concentrated with a 30 kDa cutoff filter and rerun through the same
column. Identity of fractions from first column: (i) 7.0-8.0 mL,
oligomer (rerun not shown); (ii) 11.0-12.5 mL, dimer (- ‚ -);
(iii) 12.5-15.0 mL, monomer (- - -); (iv) 15.0-17.0 mL, which
was part of an overloaded region in the first run, eluted as monomer
in the second run (‚ ‚ ‚). Elution solution was 20 mM NaPi, pH
7.4.

FIGURE 3: Far-UV CD spectra of oligomeric, dimeric, and
monomericRS in solution and bound to SUV containing anionic
lipids and PE: spectra of oligomeric (circles), dimeric (triangles),
and monomeric (inverted triangles) E46KRS in solution (open
symbols) and bound to the membrane surface of SUV that have
50% DOPG/50% DOPE lipid content (solid symbols). Lipid:RS
molar ratio was 250:1. (Inset) Refolding of oligomericRS after
thermal melting at 95°C results in the same or increased helix
content. CD spectra of oligomeric E46KRS in the presence of SUV
were measured at 25 (4), 55 (not shown), 75 (0) and 95°C (O),
and upon cooling down at 75 (9), 55 (not shown), and 25°C (2);
5 min time interval allowed for temperature equilibration between
recordings of spectra. Optical path length, 1 mm; 10µM RS; SUV,
2.5 mM total lipid content.
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spectral distortion due to light scattering (Figure 3,O). In
the presence of SUV, a significant increase in helical content
could be inferred (Figure 3,b). Similar CD spectral changes
were found for oligomers of wild-typeRS (not shown). The
finding that the helical content of oligomericRS increases
in the presence of SUV could imply the presence of a fraction
of RS oligomers that are able to dissociate to monomeric
species upon binding to curved and negatively charged SUV
membranes. An estimate of the size of this fraction, based
on changes in the amplitude of the CD signal at 222 nm,
indicates that it could comprise 30-35% of the oligomer.
The thermal melting of membrane-bound oligomericRS at
95°C results in an additional increase in helical content upon
subsequent cooling to 25°C.

Properties ofR-Synuclein Ion Channels, OligomerVersus
Monomer.RS binding to membranes containing anionic lipid
is driven by electrostatic interactions between the basic (pI
) 9.7) N-terminal segment of the protein (Figure 1) and the
negatively charged membrane surface. Such interactions
depend on the ionic strength of the ambient solution and are
significantly diminished in 1 M KCl, a salt concentration
commonly used in planar bilayer channel recording. There-
fore, measurements of ion channel activity ofRS were
conducted in 0.1 M KCl.

Oligomer.OligomericRS did not induce ion conductivity
across membranes formed without anionic lipid. In a
membrane made with 100% anionic lipid, DOPG, oligomers
induced unstable trans-membrane currents of approximately
the same magnitude at both positive and negative trans-
membrane potentials (Figure 4). The membrane-permeabi-
lizing activity of the oligomer decreased with lower anionic
lipid content and, unlike monomericRS, did not depend on
the presence of PE in the membrane (data not shown), and
did not decrease at a trans-positive potential (Figure 4).

Monomer.MonomericRS (wild type, E46K, and A53T),
separated from the oligomer fraction by size-exclusion
chromatography, was added to the cis compartment of the
planar bilayer membrane (50 mol % PG, 50 mol % PE). In
the presence of a potential of+50 mV (trans-side negative),
channels with defined conductance states were observed
(Figure 5A). A switch to a cis-side negative potential resulted
in decreased channel activity (Figure 5B).

Monomeric RS produced ion channels in membranes
containing an optimum anionic lipid content. Channels
formed relatively rapidly in membranes containing 50 mol
% PG but more slowly with 25% or 75% PG, and not at all
in membranes consisting of 0 or 100% PG (data not shown).
Such channels were also formed in membranes containing
phosphatidylserine (PS) as the anionic lipid instead of PG,
emphasizing the importance of the net negative charge of
the lipid head group forRS channel formation.

Concentrations of 2-5 µg/mL E46K and A53T in the
bathing solution were sufficient for channel formation,
whereas a somewhat larger concentration (5-10µg/mL) was
required for wild-typeRS.

Channel Conductance.The conductance of E46K channels
did not differ significantly from that of wild-typeRS (Figure
6A). Channels exhibited several conductance states with well-
defined amplitude in every trial, but the absolute size of the
channels varied in different trials. In a representative
experiment, the average dwell time of wild-type 400 pS
channels was 110( 50 ms, whereas the dwell time
distribution of E46K channels was broader and its average
value was larger (670( 460 ms). In addition to the major
conductance state (400( 100 pS), channels of E46K and
wild-type proteins exhibited a larger conductance state
(∼1300 pS; Figure 6A). However, because these channels
always opened from a “pedestal” of smaller channels, the
net conductance of the larger channels was 800-900 pS. A
state of small conductance (<100 pS) was also observed in
some trials.

The study of the voltage dependence ofRS channels is
complicated due to opening of new channels at potentials
>80 mV. In a representative trial, where E46K channels were
opened upon application of trans-negative potential of-50
mV with 150 and 520 pS conductance states, subsequent
measurement of the voltage dependence (20-80 mV) of
channel conductance showed an increase in the conductance
amplitude. It increased gradually from 140( 20 to 280(
30 pS and from 420( 40 to 580( 50 pS for smaller and
larger conductance states, respectively (Figure 6A, inset).

PE Requirement.In the absence of PE, the channel activity
was reduced, and conductance states were poorly defined.
Thus, in membranes composed of 50% PG and 50% PC,

FIGURE 4: Membrane permeabilization by oligomeric E46KRS.
Trans-membrane current through planar membrane bilayers was
measured at+50 and-50 mV. RS (2 µg/mL) was added to the
cis compartment. OligomericRS selected from leading fractions
was eluted from a size-exclusion column (Figure 2). Bilayer
membrane contained 100% DOPG, a concentration at which
oligomer is known to be active (17), and monomer to be inactive
(see below). Bathing solution in this and all bilayer experiments
was 2 mM HEPES, pH 7.0, and 0.1 M KCl.

FIGURE 5: Ion channels ofRS formed upon application of a trans-
negative potential. (A) Trans-membrane current measured under
voltage-clamp conditions upon application of trans-membrane
potential of+50 mV (trans-negative). (B) Trans-membrane current
measured at-50 mV (trans-positive). The membrane contained
50% DOPG and 50% DOPE. Wild-typeRS, 8 µg/mL final
concentration, was added to the cis compartment with stirring for
20 min before recording.
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the frequency of appearance of open channels of E46KRS
was decreased (Figure 6B). In these membranes, wild-type
RS had a channel activity smaller than that of E46K, which
was manifested as rare short-lived spikes of variable
amplitude (data not shown).

A30P Does Not Form Channels.At the concentrations
used for wild-typeRS, the monomeric A30P mutant, which
is known to have a lower affinity for membranes than wild-
type RS and E46K (12), did not form ion channels in
membranes containing 50% PG in the presence or absence
of PE (not shown). Increasing the concentration of A30P

RS to >30 µg/mL in the bathing solution resulted in
membrane breakage.

Effect of Ca2+ on Channel Formation byRS.Ca2+ has a
crucial role in synaptic transmission and has been shown to
bind to theRS acidic C-terminal tail (33, 34). CaCl2 (1 or 5
mM) added from the cis side (but not from the trans side)
closed activeRS channels. Application of a large potential
(g100 mV) was necessary to reopen channels. However, the
size of these channels was significantly smaller (Figure 6C).
The channel conductance decreased from 460( 80 pS in
the absence of Ca2+ to 200 ( 40 and 120( 20 pS in the
presence of 1 or 5 mM CaCl2. When 5 mM CaCl2 was added
beforeRS, channels were not formed even upon application
of a large (+150 mV) potential (not shown). Thus, Ca2+ ions
exerted two different effects onRS channel activity: (i)
prevention of channel opening and (ii) decreasing channel
conductance of preformed channels. The first effect can be
associated with a decrease of membrane surface potential
on the cis side of membrane, caused by electrostatic
interaction of Ca2+ with the membrane surface [for PG and
PS membranes, the Ca2+-binding constant) 17 and 26.5
M-1, respectively (35)]. The Gouy-Chapman-Stern formal-
ism predicts an approximately 27 and 40 mV decrease in
the surface potential of a membrane containing 50% anionic
lipid at 0.1 M ionic strength in the presence of 1 and 5 mM
CaCl2 (36). The Ca2+-induced decrease in conductance of
preformed channels may be associated with the direct
interaction of Ca2+ with RS, possibly with the acidic
C-terminal tail (33, 34), implying a role of the C-terminal
region in regulation ofRS channels.

R-Helicity of Membrane-BoundR-Synuclein.The lipid
dependence of the secondary structure of membrane-bound
RS was compared to that of the channel-forming activity,
via far-UV CD spectral analysis of membrane vesicles in
the same solution as was used for channel measurements.
LUV [diameter 100-140 nm (37)] were used instead of
small vesicles, as the former are less stressed mechanically
(5), so that their mechanical properties resemble more closely
those of planar bilayer membranes.

Far-UV CD spectra ofRS bound to LUV were measured
at a lipid/RS molar ratio of 250:1 (Figure 7A). The spectra
documented an increase inR-helical content of E46K and
wild-type RS with increasing content of anionic PG lipid
(Figure 7A) and of PE in the presence of 25 mol % PG
(Figure 7A, inset). The position of an isosbestic point at 204
( 1 nm for each set of spectra implies that theRS secondary
structure undergoes a direct transition from an unordered to
an R-helical conformation (38). In 0.1 M KCl, the helix
content of wild-type and E46KRS increased from∼20%
in LUV with 25% PG/75% PC to 66% in LUV with 75%
PG/25% PC (Table 1). An increase in the partial content
of PE in membranes with 25 mol % PG resulted in an
increase in theR-helical content from∼20% in the absence
of PE to 45-50% in membranes with 75% PE (Table 1).
The A30P mutant also displayed an increase in helix con-
tent with increasing anionic lipid concentration and increas-
ing content of PE, but its helicity was markedly smaller
(Table 1).

In the presence of CaCl2 (1 mM), the helix content of wild-
type RS, bound to LUV (50% PG/50% PE), was∼17%
smaller, independent of the sequence of addition of CaCl2

and RS to LUV (Table 1). This is believed to be a

FIGURE 6: Channel properties ofRS channels. (A) Histograms of
conductance states of wild-type (solid bars) and E46K (open bars)
channels (7.5µg/mL) in the membrane with 50% PG and 50%
PE. (Inset) Voltage dependence of conductance of small (O) and
large (4) E46K RS channels. The planar membrane was made of
an equimolar lipid mixture of DOPG/DOPE. E46KRS, 5µg/mL.
(B) Single-channel traces of E46KRS (5µg/mL) in planar bilayers
with 50% PG/50% PE (top) and 50% PG/50% PC (bottom). Trans-
membrane potential was+50 mV (cis). (C) Calcium decreases ion
channel conductance ofRS. Single-channel traces of A53T mutant
at 0 (upper), 1 (middle), and 5 mM (bottom) CaCl2 are shown.
Trans-membrane potential was+50 mV. A53TRS (4µg/mL) was
incubated with membrane containing 50% DOPS and 50% DOPE;
CaCl2 was added after channel activation. Application of 100 mV
potential was required to open channels after incubation with 1
mM CaCl2; 150 mV potential was used to reopen channels in 5
mM CaCl2.

Ion Channels ofR-Helical R-Synuclein Biochemistry, Vol. 46, No. 50, 200714373



consequence of a decrease of the membrane surface potential
(35, 39), as discussed above.

Thus,RS bound to membranes with a lipid composition
optimal for channel formation (50% PG/50% PE) has a
predominantly helical secondary structure (ca. 65%; 91
residues). The A30P mutant ofRS bound to these vesicles
is 47% helical (62 residues), similar to the helix content of
wild-type RS and E46K bound to membranes with 25% PG/
50% PE, in which they form ion channels. This implies that

the inability of A30P to form channels is not associated with
an insufficient content ofR-helix but is more likely due to
an absence of local helicity around Pro30.

Thermal Melting Analysis of Liposome-BoundRS. The
thermal stability of theR-helical structure ofRS in the
membrane-bound state was studied by far-UV CD spectra
and continuous registration at 222 nm of the amplitude of
the CD signal, as a function of temperature (0-98 °C). From
the melting curves, the apparent melting temperature,Tm,
can be calculated from the first derivative of the melting
curve function whose maximum corresponds to theTm of
thermal unfolding. TheTm was used to determine the thermal
stability of RS as a function of the content of PG and PE
lipid (Table 1).

The amplitude of the far-UV circular dichroism signal at
222 nm of wild-typeRS bound to membranes containing
50% PG and 50% PE increases monotonically with increas-
ing temperature from 0 to 35-40 °C, reaching a maximum
at ∼37 °C (Figure 7B, green). CD spectra document that
the helicity ofRS increases significantly in this temperature
range (Figure 7C), implying that membrane-boundRS
undergoes cold denaturation below∼35 °C. In the temper-
ature range 40-98 °C, the magnitude of the CD signal at
222 nm and the far-UV CD spectra show a gradual decrease
in the helical content ofRS (Tm ∼75 °C), resulting in almost
complete unfolding at 95°C (Figure 7B,C). Melting ofRS
helices is reversible, as can be seen from restoration of the
CD spectra after cooling down to 5°C (Figure 7C, blue).

The thermal stability of membrane-boundRS increases
with increasing anionic lipid content, measured as the fraction
of the CD signal lost at 2°C relative to the maximum
amplitude of the CD signal at approximately 35°C (Table
1; Figure 7B). The decrease in signal amplitude at 2°C
relative to 35°C is small at 75% PG, in comparison with
50% PG, and is not seen with 100% PG (Figure 7B). The
stability of the A30P helical structure is markedly lower than
that of wild-type and E46KRS, as inferred from a lowerTm

and larger extent of cold denaturation (Table 1). The decrease
in RS helix stability with decreasing temperature below 30
°C implies involvement of hydrophobic interactions in helix
stabilization (40) and correlates with the mechanical stress
effect imposed by PE on the membrane bilayer. It is
hypothesized thatR-helices of membrane-boundRS are
presumably inserted deeper into the interfacial layer of the
membrane in the presence of PE. Imposition of a membrane
potential would cause movement of these helices to a trans-
membrane orientation that allows channel formation.

Fluorescence Correlation Spectroscopy ofRS Bound to
Planar Bilayer Membranes.While the majority of studies
on membrane interactions ofRS attributed its membrane-
permeabilization ability exclusively to theâ-structure-rich
oligomeric form of RS, it was inferred from the studies
described above thatR-helical RS added to the membrane
as a monomer can form highly conductive ion channels. The
question arises as to whetherRS remains monomeric and
R-helical after it is bound to planar bilayer membranes.
Additional insight regarding the monomeric versus oligo-
meric state ofRS in planar bilayer membranes was sought
through fluorescence correlation spectroscopy (FCS), for
which RS(A53C) was labeled with the fluorescent probe
TMR and added to the upper compartment of a planar
membrane apparatus. Autocorrelation of the fluorescence

FIGURE 7: Circular dichroic analysis of secondary structure and
thermal stability ofRS in LUV as a function of partial content of
DOPG and DOPE. (A) Far-UV CD spectra of E46KRS (10µM)
bound to LUV (2.5 mM total lipid) at 25°C. Lipid composition
(DOPG/DOPE/DOPC, mol %) of LUV: 0/50/50 (blue), 10/50/40
(pink), 30/50/20 (green), 50/50/0 (red), and absence of LUV
(brown).(Inset) CD spectra of wild-typeRS (16µM) in the presence
of LUV (4 mM total lipid). Lipid composition: 25/0/75 (blue), 25/
25/50 (pink), 25/50/25 (green), and 25/75/0 (red). NoLp, no lipid.
(B) Thermal scans of CD signal at 220 nm ofRS bound to LUV
(DOPG/DOPE/DOPC, mol %): 25/0/75 (blue), 50/0/50 (pink), 50/
50/0 (green), 75/0/25 (red), and 100/0/0 (brown). For better
presentation, some curves are vertically offset. (C) CD spectra of
wild-type RS (4 µM) bound to LUV (1 mM total lipid; 25% PG/
50% PE) measured at temperatures increasing from 5 to 95°C: 5
(blue, solid), 15 (green), 35 (red), 65 (pink), 80 (brown), and 95
°C (black), and 5°C after cooling from 95°C (blue, dashed).
Equilibration time between measurements of spectra, 5 min; optical
path length, 1 mm; buffer, 5 mM NaPi and 0.1 M KCl, pH 7.0.
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emission of membrane-bound protein (Figure 8A) was
described by eq 2 with average diffusion timeτD ) 16 ( 3
ms, which led to a calculated diffusion coefficient of 5.8(
1.2 µm2/s. This diffusion coefficient was compared to that
of rhodamine-labeled lipid (PE) in a membrane with the same
lipid composition (Figure 8B). The fit of eq 2 to the data
yielded a value ofτD ) 26 ms, similar to theτD of the protein.
The average diffusion coefficient was 3.9( 0.5µm2/s, which
is similar to that (3µm2/s), measured previously by FCS for
lipid diffusion in giant vesicles (41). The small difference
might arise from a difference in phospholipid composition.
Because the membrane diffusion coefficient is dependent on
the size of the diffusing particle, the similarity of the lateral

diffusion coefficients ofRS and lipid in the membrane
implies an absence of higher order oligomers in the
membrane-boundRS. These data confirm the assignment of
the channel activity ofRS measured in planar bilayer
membranes to protein initially adsorbed to the membrane in
a monomeric state, from which active channels are formed
in the presence of a trans-negative potential.

DISCUSSION

The major conclusion of this study is that one or several
membrane-bound monomericRS in anR-helical conforma-
tion (Figure 9A) can form discrete highly conductive
channels in the presence of a trans-membrane potential
(Figure 9B).

Several previously reported observations imply that the
ion channels observed in the current studies are formed by
helical RS and do not result from the presence of small
undetectable amounts ofâ-sheet-rich protofibrils: (i) A30P
lacks channel activity, consistent with the diminished helicity
of this variant in the presence of vesicles compared to wild-
typeRS (9, 11, 12). In contrast, protofibrillar A30P exhibits
a higher membrane permeabilization activity than protofibrils
formed from the wild-type protein (18). (ii) Helical E46K
RS forms channels with longer dwell times than wild-type
RS, whereas a recent report indicated that protofibrillar E46K
has a significantly decreased permeabilizing activity com-
pared to wild-type protofibrils (14). (iii) Ca2+ ions signifi-
cantly reduced the conductance of preopened helicalRS
channels (Figure 6C) and prevented channel formation when
it was added beforeRS. In contrast, membrane permeabili-
zation by the protofibrils was detected in the presence of 5
mM CaCl2 (17, 18).

Direct Unordered-to-Helix Structure Transition ofR-Sy-
nuclein upon Membrane Binding.CD spectral analysis
revealed the direct unordered-to-helical structure transition
in RS upon binding to LUV (Figure 7A). The helix content
increased with an increase in surface charge of the mem-
branes and in the presence of PE. These previously docu-
mented effects (3-5, 9) are in agreement with the NMR
structure ofRS in anionic detergent solution (6-8), which

Table 1: R-Helix Content and Midpoint of Thermal Unfolding ofRS Bound to LUV as a Function of Anionic Lipid and PEa

lipid, mol % helix, % Tm, °C (cold denaturation, %)

PG PE wt E46K A30P wt E46K A30P

10 0 4( 2 4 ( 3 0 ndb nd nd
10 50 13( 2 15( 4 0 nd nd nd
10 75 16( 5 15( 2 3 nd nd nd
25 0 18( 7 20( 9 4 ( 3 66( 4 (56) 70 (54) nd
25 25 34( 5 31( 2 10( 5 70( 1 (56) 70( 2 (64) nd
25 50 41( 7 38( 5 15( 5 73( 1 (56) 75 (52) <70 (100)
25 75 49( 7 45( 6 20( 7 73( 1 (53) 74( 3 (58) 65.0 (91)
50 0 62( 9 57( 7 37( 5 74( 1 (35) 79 (25) 69( 2 (52)
50 50 67( 8 63( 4 47( 7 80( 1 (30) 90( 2 (15) 72( 2 (47)

+Cac 50 50( 6 nd nd 89( 2 (33) nd nd
75 0 66( 8 66( 4 51( 11 85( 1 (15) g88 (8) 81 (31)

100 0 71( 8 76( 3 55( 10 >90 (8) >93 (3) g89 (14)
a Wild-type and mutantRS were mixed with LUV at anRS/lipid molar ratio of 1:250. Buffer was 2 mM HEPES, pH 7.0, and 0.1 M KCl. Helix

content was determined by CD analysis at 25°C as described under Experimental Procedures. Thermal denaturation was measured at 220 nm from
0 to 98°C with a thermal scanning rate of 30°C/h. RS and LUV were mixed at room temperature and incubated on ice for 5 h before the start of
the thermal scan. The cold denaturation effect is presented as the fraction of the magnitude of the CD signal at 2°C relative to the maximum
amplitude detected in a given thermal scan, 100(Θmax - Θ2°)/Θmax. Mean and standard deviation values are based on results of 3-5 measurements
of R-helix content and 2-3 measurements of thermal denaturation parameters.b Not determined.c Wild-type RS bound to LUV (50% PG/50% PE)
in the presence of 1 mM CaCl2; sequence of addition to LUV ofRS and CaCl2 did not affect helix content ofRS.

FIGURE 8: FCS analysis of lateral mobility ofRS in planar bilayer
membranes. (A) FCS measurements of TMR-labeled A53CRS
bound to a horizontal planar bilayer lipid membrane made of DOPG
and bacterial PE lipid (1:1 by weight). Autocorrelation function
(eq 2) withτD ) 18 ms, fit to the data, is shown in gray. (B) FCS
measurement with rhodamine-labeled PE fit to an autocorrelation
function with τD ) 26 ms.
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shows the presence of two long helices separated by a break
or turn (Figure 1). Thus, the lipid requirement for helical
structure formation is similar to that for the formation by
RS of stable highly conductive ion channels (Figures 5 and
6). Two lines of evidence support this conclusion: (i) the
far-UV CD analysis ofRS bound to liposomes shows the
membrane-bound form to be predominantly (∼70%)R-heli-
cal. No significant tendency to form oligomers could be
found. (ii) FCS analysis of TMR-labeled A53C mutant of
RS bound to planar bilayer lipid membranes showed that its
mobility is characterized by a diffusion coefficient of 5.8(
1.2µm2/s (Figure 8A), slightly larger than that of individual
lipid molecules. Thus, monomericRS does not aggregate
upon binding to the planar bilayer membranes used in the
present studies.

A maximum of∼70% in the helix content of membrane-
bound RS (Table 1) would include approximately 98
residues. Assuming that the acidic C-terminal segment,

spanning residues 104-140 (Figure 1), is electrostatically
repelled from the negatively charged membrane surface, the
entire N-terminal (residues 1-60) and central (residues 61-
100) segments attain a predominantly helical conformation
in the membrane-bound state. TheRS helices are character-
ized by three turns per 11 residues (3/11 helix), rather than
the standardR-helix with 5 turns per 18 residues, and have
an amphipathic folding pattern (3, 7).

A30P Mutant.The helix content of the A30P mutant was
reduced by∼20% (Table 1), implying that Pro30 prevents
helix formation in an approximately 28-residue-long segment
of RS. The lower helicity could be caused partly by weaker
binding to the liposomes (12); however, decreased thermal
stability of the membrane-bound A30P (Table 1) implies
impairment of the helical structure ofRS by the A30P
substitution. Comparison of NMR structures of wild-type and
A30P RS bound to SDS micelles (7, 10) showed that the
A30P substitution causes changes in backbone1HN chemical
shifts over(30 residues from the mutation site, which are
associated with a helix break between residues Gln24 and
Lys32, disturbance of the sequence of hydrophobic and polar
residues in the amphiphilic helices, and a significant decrease
in bending of the N-terminal helix. The helix break around
proline in the A30P mutant and alteration of the amphiphilic
order could explain its loss of channel activity, assuming
that this segment is moving through the hydrophobic core
during channel formation (Figure 9B).

Amphipathic Helices and Channel Formation.The 11-
residue periodicity in the N-terminal region with the highly
conserved hexamer motif KTKE/QGV makesRS similar to
the exchangeable apolipoproteins with lipid-binding class A
amphipathicR-helical repeats (3). In this class of helices,
the nonpolar face is bordered by positively charged residues,
and the face containing negatively charged residues is located
opposite the nonpolar face. Class A helices of apolipoproteins
are involved in solubilization of lipid micelles, and at low
concentration they stabilize membranes by affecting the
spontaneous membrane curvature (42). A similar stabilizing
effect of RS on lipid packing in small vesicles, a lipid
annealing effect previously described (5), suggests that this
could be a physiological function ofRS (2). Amphipathic
helical peptides also have pore-forming properties (43),
which require peptide aggregation in membranes. Such pores
could be lined by peptide helices (“barrel-stave” model) or
also involve lipids (“toroidal pore” model) (44, 45). A similar
mechanism of channel formation was proposed for larger
proteins with R-helical bundle structures, such as pore-
forming colicins (31), apoptotic proteins (46), andBacillus
thuringiensistoxin (42). One molecule of such a protein toxin
is sufficient to form a pore with several pairs of antiparallel
helices in trans-membrane orientation. In the closed channel
state, these helices can form a two-dimensional array in the
membrane interfacial layer (47).

Channel Formation by HelicalR-Synuclein.For mono-
mericRS, which has a high propensity for amphipathic helix
formation, an R-helical conformation of a monomer is
thermodynamically more favorable in the membrane-bound
state than aâ-strand structure (3). Upon application of a
trans-negative potential,RS helices can move to a trans-
membrane orientation as helical hairpins (Figure 9). The
basic character of KxKE repeats allows voltage sensing and
could serve as energy-transducer elements to drive the helices

FIGURE 9: Helical hairpin trans-membrane reorientation in electrical
field could result in ion channel formation. (A) In the absence of
the trans-negative potential, helical hairpins derived from threeRS
molecules on the interfacial layer of the cis side leaflet of bilayer.
(B) Trans-membrane reorientation of three helical hairpins under
a trans-negative potential. The number of hairpins needed to form
a channel is not known and is proposed to be small, 2-4, provided
by 1-4 molecules ofRS. Each helical hairpin is modeled by use
of atomic coordinates of anRS segment spanning residues 14-68
in the NMR structure [PDB code 1XQ8 (8)]. The side chains of
four KxKE repeats in this segment are shown as sticks (atoms N
and O shown in blue and red, respectively), and Ala30 side chain
(green) is shown in space-filling representation.
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into a trans-membrane orientation. Two or three such
hairpins, which could be formed by one or several molecules
of RS, would be sufficient for ion channel formation (Figure
9). A helix break due to the A30P mutation close to the apex
of the helix hairpin would increase the energy cost of this
hairpin movement across the hydrophobic core of the
membrane.

Lipid Requirement.Electrostatic interactions with the
membrane surface are necessary forRS binding and the
transition to a helical conformation but are not sufficient to
create conditions for a voltage-dependent structural rear-
rangement. The formation of stable, highly conductive
channels requires the presence of PE in the membrane. This
lipid with a small headgroup generates intrinsic curvature
in the membrane bilayer, changing its elastic properties (48,
49). RS could sense membrane curvature by inserting
amphipathic domains between lipid headgroups, releasing
mechanical stress generated by the presence of PE. The lack
of channel formation in membranes with 100% PG could
be explained by the absence of PE in the membrane, and
also by especially tight binding to the membrane interfacial
layer that prevents voltage-dependent structural rearrange-
ment, as described for the bactericidal pore-forming colicin
E1 (50).

Physiological Significance.To address the question of the
physiological role of ion channel formation byRS, one must
account for the following observations: (i)RS is primarily
an intracellular protein (some reported exceptions are
discussed below); (ii) stable channels are formed in mem-
branes containing PE, which is present in neuronal mem-
branes (51, 52); and (iii) a trans-negative potential is required
for channel activity. If the requirement for a trans-negative
potential applies in vivo, as in the cell-free system employed
in this study, then intracellularRS should form active
channels only in membranes that have been depolarized. In
neurons, membrane depolarization occurs transiently during
an action potential associated with impulse transmission.
Accordingly, it can be proposed that intracellular, helicalRS
may form ion channels in synaptic membranes in response
to an action potential. Channel formation may be part of the
normal function ofRS and could result in modulation of ion
movements related to depolarization/repolarization. Mouse
knockout studies indicate thatRS plays a critical role in
regulating neurotransmitter release evoked by action poten-
tials in hippocampal slices (53). Membrane depolarization
triggers opening of voltage-gated Ca2+ channels. The result-
ing influx of Ca2+ in the presynaptic terminal couples the
action potential to neurotransmitter release (54, 55). Increased
Ca2+ levels may thus regulateRS channel activity at the
synaptic membrane following membrane depolarization.

Mutants ofRS involved in familial PD may elicit neuro-
toxicity via alteration of intracellular channel activity ofRS.
The E46K and A53T replacements could induce channel
hyperactivity, whereas the A30P substitution apparently
suppresses channel formation altogether. Presumably, familial
mutants that perturb the function of helicalRS channels
would be unable to exert normal function or a function in
neurodegeneration, and any role ofRS in the latter would
arise from an alternative pathway involving membrane
permeabilization byâ-sheet-rich protofibrils (17-22).

AlthoughRS is located primarily inside the cell, emerging
evidence suggests that a portion of the protein resides in the

extracellular space, possibly due to secretion and/or cell lysis
(56-58). Conceivably, extracellularRS could form helical
channels in membranes at their resting potential (i.e., excess
negative charge on the intracellular side), provided that PE
is present in the plasma membrane. Ion channel formation
by extracellular, helicalRS would likely induce cytotoxicity
by dissipating the potential across the plasma membrane,
similar to the mode of action of bacterial channel-forming
toxins such as the colicins (59). Channels formed by
extracellularRS could target both neuronal and glial cells,
thereby inducing neurodegeneration and glial activation
associated with PD (57, 58).

The data presented in this study do not necessarily imply
that RS-induced cell death involves channel formation
exclusively byR-helicalRS instead of previously described
pathogenic mechanisms such as membrane disruption by
â-sheet-rich protofibrils. Rather, it is proposed that the
formation of R-helical channels provides an alternative
mechanism that contributes to normal function and toxicity
of RS both inside the cell and in the extracellular milieu.
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