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ABSTRACT: Fibrillar R-synuclein is a component of the Lewy body, the characteristic neuronal inclusion
of the Parkinson’s disease (PD) brain. BothR-synuclein mutations linked to autosomal dominant early-
onset forms of PD promote the in vitro conversion of the natively unfolded protein into ordered prefibrillar
oligomers, suggesting that these protofibrils, rather than the fibril itself, may induce cell death. We report
here that protofibrils differ markedly from fibrils with respect to their interactions with synthetic membranes.
Protofibrillar R-synuclein, in contrast to the monomeric and the fibrillar forms, binds synthetic vesicles
very tightly via aâ-sheet-rich structure and transiently permeabilizes these vesicles. The destruction of
vesicular membranes by protofibrillarR-synuclein was directly observed by atomic force microscopy.
The possibility that the toxicity ofR-synuclein fibrillization may derive from an oligomeric intermediate,
rather than the fibril, has implications regarding the design of therapeutics for PD.

Parkinson’s disease (PD)1 is characterized by the loss of
dopaminergic neurons and the presence of fibrillar cytoplas-
mic inclusions called Lewy bodies in the substantia nigra.
Two point mutations in the gene encodingR-synuclein (A30P
and A53T), a highly expressed neuronal protein of unknown
function (1), were identified in families with autosomal
dominant early-onset PD (FPD) (2-4). Subsequently, it was
demonstrated that fibrillar wild-typeR-synuclein (WT) is a
major component of LBs in late-onset idiopathic PD (5-7).
Expression of human WT, A30P, or A53T in the brains of
transgenic flies (8) or of human WT in the brains of
transgenic mice (9) produced an age- and dose-dependent
PD-like phenotype, suggesting a toxic gain-of-function
mechanism, triggered by fibrillization (10, 11). In vitro
fibrillization of R-synuclein, like Aâ, proceeds via oligomeric
intermediates, termed “protofibrils”, that are consumed as
more stable fibrils are formed (12-17). Either the R-
synuclein fibril itself or a protofibrillar species could be
responsible for cell death in PD (18). The identification of
the toxic species and characterization of its mechanism of
action would provide novel therapeutic targets.

Since both FPD mutations slightly accelerate in vitro
oligomerization ofR-synuclein, we have proposed that a
protofibrillar form of R-synuclein may be pathogenic (14).
We report here thatR-synuclein protofibrils, in contrast to
monomer and fibrils, tightly bind synthetic vesicles and cause
transient permeabilization, a potentially toxic event. The
secondary structure of the vesicle-bound protofibril (â-sheet)
is distinct from the weakly bound monomer and resembles
several evolved pore-forming protein cytotoxins.

EXPERIMENTAL PROCEDURES

Separation of Monomeric and OligomericR-Synuclein.A
solution of purified recombinant (12) R-synuclein (1-2 mM)
in PBS (10 mM phosphate buffer, 2.7 mM KCl, 137 mM
NaCl, pH 7.4), prepared from lyophilized protein, was filtered
through a 0.22µm nylon spin filter (Costar). The filtrate
was eluted from a Superdex 200 gel filtration column (HR
10/30) in PBS [or, in the case of membrane permeability
assays (see below), in 10 mM HEPES, pH 7.4, 145 mM KCl]
at a flow rate of 0.5 mL/min. Eluate was monitored at 215-
280 nm, and the protein content was determined by quantita-
tive amino acid analysis. The column was calibrated with
several MW standards; protofibrillarR-synuclein and Blue
Dextran 2000 eluted in the void volume.

Circular Dichroism Spectroscopy.CD spectra of mono-
meric and oligomeric human WT (3-10 µM in PBS), in
the presence or absence of phospholipid vesicles, were
measured at 22°C using an Aviv 62A DS spectropolarimeter
and a 0.1 cm cuvette. The data were acquired at 1 nm
intervals, with a time constant of 4 s per measurement and
a bandwidth of 1.0 nm. The final spectrum was obtained by
calculating the mean of three individual scans and subtracting
the appropriate background.

Preparation of Phospholipid Vesicles.PC, PG, or PC/PA
(1:1 mass/mass) (Avanti Polar Lipids, Inc., Alabaster, AL)
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was dissolved in chloroform or chloroform/methanol (2:1
v/v) at a concentration of 20 mg/mL. Solvent was then
removed by evaporation and then lyophilization. The residual
lipid was resuspended in aqueous solution [10 mM
KH2PO4/K2HPO4, pH 7.4, for CD studies; 10 mM HEPES,
pH 7.4, 145 mM KCl, 1 mM EDTA, 50µM Fura-2
(Molecular Probes, Eugene, OR), for permeability studies]
at a concentration of 20 mg/mL together with 100 mg/mL 1
mm diameter glass beads and incubated (25°C, 2 h) to
produce large multilamellar vesicles. More uniform vesicle
populations were formed by passing these through a nucle-
pore polycarbonate track-etch membrane (Whatman, U.K.)
with a defined pore size (80 nm for CD studies, 100 nm for
permeability studies) at least 13 times (Avanti Mini-Extruder,
Avanti Polar Lipids) (19). Alternatively, vesicles were
sequentially filtered through a 200 nm filter, followed by
100 and 30 nm filters, to isolate fractions with progressively
smaller diameters. Vesicles encapsulating dye were separated
from free dye by gel filtration using PD-10 columns
(Amersham Pharmacia Biotech, Uppsala, Sweden) and were
stored in the dark at 4°C. Vesicle size (see Figure 5C) was
analyzed by electron microscopy (EM) with negative staining
(1% uranyl acetate). A distribution of vesicle sizes was
observed, with a mean slightly larger than the nuclepore
membrane pore size.

Membrane Binding Assay.Freshly purifiedR-synuclein
(5 µg) was incubated with 0.5 mg of synthetic vesicles for
2 h at room temperature in 400µL of PBS. Membrane-bound
and freeR-synuclein were separated by membrane flotation
(Figure 2) (20). The binding reaction was mixed with 0.42
mL of 60% iodixanol gradient medium (Life Technologies,
Inc.) and overlaid with 2.5 mL of 25% iodixanol and 0.1
mL of 5% iodixanol in PBS. The step gradient was
centrifuged for 2 h at200000g in an SW55 rotor (Beckman)
at 4°C. Western blotting was performed as described in Lee
et al. (21) using LB509 (Zymed Laboratories Inc., South San
Francisco, CA) as the primary antibody.

Surface Plasmon Resonance Detection of Vesicle Binding.
Extruded PG vesicles (100 nm) were preadsorbed to a
Pioneer Chip L1 (BIAcore) to saturation (22), and the surface
was stabilized by removing partially adsorbed material with
HEPES-buffered saline (HBS) (pH 7.4, 100µL/min for 10
min). Protein binding to vesicles was monitored on an
upgraded BIAcore 1000 instrument at 2µL/min in HBS (pH
7.4, 25°C, 1 h). Subsequently, the protein-containing buffer
was replaced with HBS, and protein dissociation was
measured at 100µL/min. Binding of protofibrils (5 µM
R-synuclein) was contrasted to monomer (5-50-fold con-
centration excess) and fibril (10-fold concentration excess).

Membrane Permeability Measurements.The method of
Blau and Weissmann (23), measuring the fluorescence of a
calcium-sensitive fluorophore (Fura-2), entrapped in vesicles,
was utilized. A fluorescence detector based on the common
stopped-flow device was assembled. The flow cell of an
HPLC fluorescence detector [Kratos (Chestnut Ridge, NY)
FS 950 Fluoromat with F4T5BL lamp; excitation filter, 334
nm with 10 nm band-pass; emission filter, long-pass with
495 nm cutoff] was connected to the central port of a T-type
mixing chamber, the remaining two ports of which were
connected to 100µL syringes. A solution of vesicles (50
µL) in one syringe and 50µL of solution containing 10 mM
CaCl2 andR-synuclein in the other, were rapidly mixed in

the flow cell. Alternatively, solutions were mixed in a plastic
tube, and aliquots were injected through the fluorescence
detector using an HPLC pump (Waters 600E). The carrier
solvent was 10 mM HEPES, 145 mM KCl, and 5 mM CaCl2,
pH 7.4, at 0.5 mL/min. For gel filtration analysis, the
solutions were mixed by hand, incubated for 30 min, and
injected onto a Sephadex G25 medium column (HR 10/30)
equilibrated at 0.5 mL/min with 10 mM HEPES, 145 mM
KCl, and 5 mM CaCl2, pH 7.4. The chromatography system
consisted of a Waters 2790 HPLC, a 996 PDA detector
(Waters), and a Kratos Fluoromat in series.

Perturbation of Preadsorbed Lipid Membranes.A 5 µL
aliquot of a suspension of 100 nm PG vesicles (containing
0.5 mM CaCl2) was deposited on a freshly cleaved mica
substrate (pelco mica, Ted Pella Inc., Redding, CA). After
initial expansion, the droplet retracted and came to equilib-
rium usually within 30 s. A 3µL aliquot containing either
monomericR-synuclein (100µM, filtered through a 0.02µm
filter, Whatman anotop 10, Meadstone, England; the absence
of protofibrils was confirmed by AFM) or incubations of
the above solution (several days at 37°C) was carefully
injected into the droplet, using a micropipet with a gel-
loading tip. The droplet was left on the surface for ca. 2
min before being displaced with 150µL of Millipore water.
The surface was gently dried and imaged in air immediately
by AFM as in Conway et al. (14).

Electron Microscopy of Vesicle Perturbation.PG vesicles
were incubated for 30 min exactly as described above in the
Membrane Permeability Measurements section. After the
incubation period, 5µL of the solution was spotted onto a
glow discharged formvar carbon-coated grid for 1 min and
then stained for 1 min with 1% uranyl acetate. Samples were
analyzed using a JEOL 1200EX transmission EM at 80.0
kV.

RESULTS

IsolatedR-Synuclein Protofibrils Are Metastableâ-Sheet-
Rich Oligomers.Protofibrillar R-synuclein, formed upon
solubilization of lyophilized recombinantR-synuclein, was
separated from monomeric protein by gel filtration chroma-
tography (Figure 1A). Analysis of the void volume fraction
by AFM showed predominantly spherical species with a
diameter and height of ca. 4 nm (Figure 1B) (13). No
chainlike protofibrils or mature fibrils were detected. How-
ever, after incubation, elongated protofibrils (12) and,
eventually, fibrils were formed. In contrast to monomeric
R-synuclein, which is “natively unfolded” (24), the spherical
protofibrils produced a circular dichroism (CD) spectrum
characteristic of a predominance ofâ-sheet structure (Figure
1C, left panel; note difference from predominantly helical
spectrum in right panel) (12). Reinjection of the void volume
peak led to some repopulation of the monomer, demonstrat-
ing that the spherical protofibrils are unstable to dilution.
Incubation of the pure monomeric fraction led to a steady
increase in the void volume peak (until it represented ca.
5% of the total protein), followed by its disappearance as
the more stable fibrils formed (25).

Vesicle-Bound Forms of Protofibrillar and Monomeric
R-Synuclein Are Distinct.As previously reported (26),
monomericR-synuclein assumed someR-helical structure
upon binding anionic synthetic vesicles (Figure 1C, right
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panel). In contrast,R-synuclein protofibrils, when bound to
the same vesicles, produced aâ-sheet CD spectrum resem-
bling that of the unbound protofibrils (Figure 1C, left panel).
Protofibril binding was confirmed by separately incubating
monomer and protofibril with acidic [PC/PA (1:1) or PG]
or neutral (PC only) synthetic vesicles. The vesicle-bound
and free proteins were separated by density-gradient flotation
centrifugation (Figure 2A) and analyzed by SDS-PAGE
(detected by Western blotting using LB509). Consistent with
a previous report (26), monomericR-synuclein binds to acidic
phospholipids (PG or PC/PA) but not to neutral ones (PC,
Figure 2B). Protofibrillar R-synuclein showed a similar
binding preference (Figure 2B; note that these blots could
not be interpreted quantitatively, since the transfer efficiency
and the epitope availability are expected to differ between
the monomeric and protofibrillar forms). Under identical
conditions, but using brain-derived vesicles instead of
synthetic vesicles, protofibrillarR-synuclein was observed
to bind much more avidly than the monomer (Lee et al.,
unpublished results).

High-Affinity Vesicle Binding Is Specific to Protofibrillar
R-Synuclein.Selective binding of protofibrillarR-synuclein
to PG vesicles was measured under the conditions of surface
plasmon resonance, using chips to which PG or PC vesicles

had been stably adsorbed (22). It is important to note that in
this experiment, as compared to the sedimentation experiment
described above, far less vesicle surface area is available
for binding. Binding was only observed to PG vesicles and
was clearly strongest (i.e., greatest amount of protein bound)
in the case of protofibrillarR-synuclein, as compared to
monomeric and fibrillar proteins (Figure 2C). The difficulty
in dissociating vesicle-bound protofibrils (monitored for 1
h) was indicative of a very slow off rate, inconsistent with
reversible, helix-mediated binding such as that demonstrated
by the exchangeable apolipoproteins (26). A quantitative
analysis of binding affinity was not possible, since the
protofibrillar fraction is heterogeneous and the protofibril
concentration (in terms of moles of protofibrils) is unknown
(because the number ofR-synuclein molecules constituting
the average protofibril is unknown). However, a crude
estimate yields an approximate affinity constant in the low
nanomolar range. Such strong binding is consistent with
protofibril insertion into the lipid bilayer. Finally, the amount
of binding was saturable and dependent on theR-synuclein
concentration, and the two mutant proteins, A53T and A30P,
demonstrated a similar level of binding, on a per mole basis,
to the WT protein.

Only Protofibrillar R-Synuclein Permeabilizes Synthetic
Vesicles.To investigate the effect of protofibril binding on
vesicle integrity, synthetic PG or PC vesicles (approximate
diameter of 150( 50 nm) were loaded with Fura-2, a
calcium-sensitive fluorescent dye (23). R-Synuclein in mon-
omeric, protofibrillar, or fibrillar form and calcium were
added to the extravesicular space, and enhanced fluorescence
from calcium-bound Fura-2 was monitored. The chelating
calcium ionophore ionomycin, which allows calcium to
passively diffuse through the vesicular membrane, rapidly
produced the theoretical maximal increase in fluorescence
intensity (ca. 3-fold) (see Figure 3A). Addition of monomeric
R-synuclein (26µM) to PG vesicles produced no fluores-
cence enhancement, while addition of a significantly lower
concentration of protofibrillarR-synuclein (4µM, in terms
of moles of monomer) to the same vesicles produced a
significant signal within minutes (Figure 3A). Addition of
protofibrils to vesicles that did not contain Fura-2 did not
produce any change in the signal, demonstrating that the
increase due to protofibril addition (Figure 3) was not due
to light scattering by vesicles or protofibrils. No permeabi-
lizing effect was measured on addition of fibrillar synuclein
(30 µM R-synuclein) to PG vesicles (Figure 3B) or on
addition of monomeric or protofibrillarR-synuclein to PC
vesicles. Finally, as compared to WT, both mutant proteins,
A53T and A30P, demonstrated comparable protofibril-
specific permeabilizing activity per mole ofR-synuclein.

The magnitude of the permeabilizing effect wasR-sy-
nuclein concentration-dependent and saturable at between
15% and 60% of the ionomycin effect, suggesting that a
subpopulation of Fura-2-containing vesicles may be immune
to permeabilization. This theory is supported by the fact that
the maximal effect depended on PG vesicle size (Figure 3D).
The smallest vesicles (average diameter of ca. 30 nm) were
most prone to permeabilization (ca. 62% of the ionomycin
effect). This size dependence could reflect membrane
curvature or the fact that the smaller vesicles are more likely
to be unilamellar.

FIGURE 1: Characterization of monomeric (M) and protofibrillar
(V) R-synuclein in solution and bound to phospholipid vesicles.
(A) Gel filtration chromatogram showing separation of protofibrils
(V) from monomer (M). (B) AFM images (2µm2) of the fractions
containing isolated protofibrils (spherical structures at left, height
) 2-4 nm) and the monomer (right).R-Synuclein monomer was
not adsorbed or was too small to be detected. (C) CD spectra of
the protofibrils (left) and the monomer (right) in the absence (blue
dashed) or presence (red solid) of an approximately 20-fold excess
(w/w) of 1:1 POPC/POPA (1.25 mg/mL) vesicles.
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Permeabilization byR-Synuclein Protofibrils LeaVes Most,
If Not All, Vesicles Intact.To test whether the increased
fluorescence resulted from vesicle lysis or permeabilization,
the Fura-2-loaded PG vesicles were analyzed by gel filtration,
before and after various treatments. Treatment with Triton
X-100 lyses 100% of the vesicles, and Fura-2 fluorescence
was detected primarily in the fractions that correspond to
the soluble calcium-Fura-2 complex (Figure 4A). By
comparison, ionomycin produced a comparable increase in
the total fluorescence, all of which remained in the vesicle-
entrapped fraction (Figure 4A). After incubation withR-sy-
nuclein protofibrils, fluorescence was increased in the vesicle
fraction (Figure 4B) and, to a lesser extent, in the free
calcium-Fura-2 fraction (arrowhead). The simplest explana-
tion for this mixed effect is that protofibrils transiently
permeabilize some of the vesicles in this population, perhaps
via large nonselective pores or local membrane disruptions
(27), allowing calcium influxand Fura-2 efflux.

Fragmentation of Adsorbed PG Membranes byR-
Synuclein Required Its Incubation/Oligomerization.PG
vesicles were preadsorbed onto mica, and subsequently,
solutions of prefiltered, monomericR-synuclein (100µM)
that had been preincubated for various times were added
(direct adsorption of PG vesicle-boundR-synuclein protofibrils
produced an erratic surface). At the earliest time point, intact
adsorbed vesicle membranes were detected (Figure 5A).
However, after preincubation of theR-synuclein (9 days at
37 °C), membrane fragmentation was clearly observed
(Figure 5B). The time dependence of the membrane-perturb-
ing effect is consistent with the involvement of protofibrillar
R-synuclein. A morphological change in vesicle structure,

induced byR-synuclein, was also observed by EM (Figure
5C,D). A previous report notes that a qualitatively similar
phenomenon is produced byR-synuclein that is presumed
to be monomeric (28). Due to vesicle disruption, we were
unable to directly image membrane-bound protofibrillar
R-synuclein.

DISCUSSION

The correlation between fibrillarR-synuclein (Lewy bod-
ies) and cell death in Parkinson’s disease appears to reflect
a causal link (8, 9, 29). The nonfibrillar nature of the
R-synuclein deposits in the brains of the “symptomatic”
transgenic mice (9), our own studies ofR-synuclein fibrilli-
zation (25), and studies of PD brain (30) each suggest that
a protofibril could be the pathogenic species (18).

Since the clear difference between PD brain and normal
brain is not the primary structure ofR-synuclein (the great
majority of PD cases inVolVe WT) but its quaternary
structure, any potentially neurotoxic property ofR-synuclein
that is selectiVely expressed inVitro by the protofibrillar form
is a candidate to account for toxicity in PD.We demonstrate
here that the conversion from monomer to protofibril
involves a secondary (as well as quaternary) structural
transition from natively unfolded (random coil) (24), to
predominantly â-sheet, also the predominant secondary
structure of the product amyloid fibril (12). While binding
of monomericR-synuclein to membranes has been consis-
tently observed (26, 31), binding of the protofibrillar form
has not been reported. The secondary structural consequences
of binding on the two forms are quite different, with the
bound monomer assuming helical structure (26) while the

FIGURE 2: Binding of R-synuclein monomer, protofibrils, and fibrils to synthetic vesicles. (A) Protofibrils and monomer were incubated
with synthetic vesicles. Membrane-associated proteins were separated from free proteins by density-gradient centrifugation. (B) The membrane-
bound fraction (lane B) and free fraction (lane F) were analyzed by Western blotting with monoclonal antibody LB509. SDS-stable high
molecular weight protofibrils were found in void volume samples, along with a small amount of dissociated monomers. Note that both the
monomer and protofibrils preferentially bind to the phospholipid vesicles with acidic headgroups (egg PG and POPC/POPA as opposed to
POPC). (C) Surface plasmon resonance demonstrates the high-affinity binding of protofibrils to egg PG vesicles. After vesicle adsorption
to create a stable surface (not shown),R-synuclein in protofibrillar (upper trace, 5µM), monomeric (bottom trace, 50µM), or fibrillar
(middle trace, 50µM) was added (buffer blank is also shown in the bottom trace and is indistinguishable from monomer). After binding
had saturated, the protein solution was replaced with buffer (wash phase, see arrow), but very little dissociation of bound protofibril was
observed (signal did not change over 1 h).
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bound protofibril retains itsâ-sheet-rich structure (Figure 1).
Binding of R-synuclein to brain-derived vesicles is highly
selective for the protofibrillar form (Lee et al., unpublished
results). Finally, the two species affect membrane integrity

differently; protofibrillarR-synuclein causes significant per-
meabilization, while an equal amount of monomericR-sy-
nuclein has no effect. ProtofibrillarR-synuclein, but not the
monomer, affects the integrity of mica-adsorbed membranes.

FIGURE 3: Effects ofR-synuclein in various oligomeric states on the permeability of egg PG vesicles. A protein or buffer solution was
mixed with Fura-2-loaded 100 nm PG vesicles as described in the text, and the enhancement of fluorescence was measured (A). The
outlined arrowhead points to the negative control (buffer) trace. The outlined arrow and black arrowhead point to the monomeric (26µM)
or protofibrillar R-synuclein (4.2µM) traces, respectively. Each trace is the average of two or more experiments. The ionophore ionomycin
(black arrow, 31 nM) produced the theoretical maximum fluorescence enhancement. The shallow positive slope of the monomer and buffer
traces is due to a finite background level of calcium or Fura-2 flux across the unperturbed membrane. Twenty minutes after addition of
protofibril, the slope, which is initially significantly steeper than that of the buffer or monomer trace (due to a greater calcium flux rate),
decreases to near the background level, indicating that the initial calcium flux has come to equilibrium. In (B), a comparison of the maximal
effects of monomeric (31µM), protofibrillar (5 µM), and fibrillar (30µM) R-synuclein is shown. Effects are reported as fractions of the
ionomycin effect and represent the average of two measurements. Measurements were made after the protofibril-induced calcium flux had
come to equilibrium (∼15 min). (C) The permeabilizing effect is concentration-dependent and saturable, as shown in the graph of membrane
permeabilization of 100 nm egg PG vesicles by WT protofibrils as a function of concentration. Each point represents the maximum signal
obtained (expressed as a fraction of the ionomycin signal) at the given concentration during a time course such as that shown in (A). (D)
The magnitude of the permeabilizing effect of protofibrils depends on vesicle diameter. They-axis reports the fraction of the maximum
(ionomycin) effect produced by WT protofibrils. This experiment is representative of several trials.

FIGURE 4: Analysis of the egg PG vesicle population before and after permeabilization with protofibrils shows that significant lysis has not
occurred. Vesicles (100 nm) were incubated with sample as in Figure 3 for 30 min and then immediately injected onto a gel filtration
column. In (A) and (B) the bottom chromatogram represents intact Fura-2-containing vesicles after incubation with buffer alone, while the
upper trace in (A) represents the same vesicles after complete permeabilization with 31 nM ionomycin. The middle trace in (A) results
from complete lysis of the vesicles with Triton X-100 (0.5%, with sonication for 1 min). The upper trace in (B) results from treatment of
Fura-2-containing PG vesicles with 4µM protofibrillar R-synuclein (see Figure 3, panel A). The heights of the bars in the insets of (A) and
(B) represent the relative areas of peaks: white, buffer; dashed, Triton X-100; black, ionomycin; hatched, protofibril. In (A), both treatments
allowed recovery of close to the expected theoretical maximum fluorescence (3-fold enhancement), whether it be in the intact vesicle
fraction (upper trace) or in the free calcium-complexed Fura-2 (middle trace). The white and hatched bars in (B) represent the average of
six and three measurements of blank and protofibril incubations, respectively (the error bars are(1 standard deviation in size). The hatched
bar in (B) represents the fluorescence of two peaks: the void volume peak, representing intact vesicles, with vertical stripes and the free
calcium-Fura-2 peak (see arrowhead) with diagonal stripes.

7816 Biochemistry, Vol. 40, No. 26, 2001 Volles et al.



Thus vesicle permeabilization fits the primary criterion that
a reasonable toxic mechanism must be specifically associated
with the protofibrillar form. In addition, the disease-linked
mutations have been demonstrated to promote formation of
protofibrillar populations (14), so mutations could increase
the “dose” of the toxic species. In addition, the mutations
could promote formation of anactiVeprotofibril subfraction,
the nature of which has not been determined.

Protofibril-induced membrane permeabilization may occur
by one of two mechanisms that are utilized by evolved pore-
forming protein toxins. First, the antibacterial peptides
magainin and cecropin cause transient “pore” formation by
localized membrane destruction and micellization, followed
by rapid reestablishment of the bilayer (27). Second,
R-hemolysin (32), latrotoxin (33), and aerolysin (34) all form
well-ordered, oligomeric membrane-spanning pores charac-
terized byâ-sheet structure. It is important to emphasize that
these two classes of membrane-permeabilizing toxins have
been optimized for selective cytotoxicity. In contrast, forma-
tion of the toxic form ofR-synuclein is likely to have been
selectedagainstby evolution and is merely a consequence
of the fact that protofibrils are intermediates in the pathway
to stable, albeit potentially biologically inert, amyloid fibrils
(35, 36).

Inappropriate membrane permeabilization by protofibrillar
R-synuclein could cause the degeneration and death of
neurons in several ways (Figure 6) that are consistent with
the rate (37) and cell-type selectivity (certain membrane

compositions may be more susceptible; PG was chosen as a
model system but is unlikely to be a major component of
the actual target membrane) of PD cell death (38). Perme-
abilization could cause (among other possibilities) (i) un-
regulated calcium flux into the cytosol (39), (ii) depolariza-
tion of the mitochondrial membrane (40), or (iii) leakage of
dopamine into the cytoplasm (note that dopamine is smaller
than Fura-2) (Figure 6). Elevation of cytoplasmic dopamine
leads to cell death (41).

Membrane permeabilization by protofibrillar intermediates
could explain the toxicity of other amyloid proteins. This
toxicity similarly may not derive from their fibrillar forms,
as originally proposed (42, 43), but rather from nonfibrillar
oligomeric species whose formation islinkedto fibrillization
(44, 45). Pore-like activity of Aâ (46) has been described,
and a link between Aâ oligomerization and fluidization/
disruption of membranes has been reported (47). A similar
link was reported for IAPP (48). In addition, the formation
of an IAPP calcium “channel” (49) has been suggested to
be oligomerization-dependent.

The model presented in Figure 6 can be tested by
perturbing the proposed pathogenic process in vivo (18) using
sequence changes and drug-like molecules. For example,
molecules (or mutations) that prevent the protofibril-to-fibril
transition in vitro should, according to the model presented
here, accelerate disease progression (butinhibit Lewy body
formation) in theDrosophila model (8). Conversely, mol-
ecules or mutations that inhibit the monomer-to-protofibril

FIGURE 5: AFM and EM images show membrane perturbation by protofibrillarR-synuclein. Mica-adsorbed egg PG vesicles (5µm2 images)
were incubated with 100µM R-synuclein before (A) or after (B) incubation for 9 days at 37°C, conditions known to produce protofibrils.
In the presence of monomer (or buffer), large layered structures deposited on the mica surface together with what appears to be lipid
vesicles of varied sizes were unperturbed (A). (B) shows a representative field after treatment of adsorbed vesicles with preincubated
R-synuclein. (C) and (D) are EM images of egg PG vesicles incubated with buffer or protofibrillarR-synuclein (17µM), respectively. The
black bar in each image represents a length of 200 nm.
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transition should inhibit disease progression (andLewy body
formation). Compounds that inhibit the conversion of
monomer to protofibril could be novel therapeutics against
Parkinson’s disease.
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