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ABSTRACT: Parkinson’s disease is the second most common neurodegenerative disease and results from
loss of dopaminergic neurons in the substantia nigra. The aggregation and fibrillation ofR-synuclein
have been implicated as a causative factor in the disease. Glycosaminoglycans (GAGs) are routinely
found associated with amyloid deposits in most amyloidosis diseases, and there is evidence to support an
active role of GAGs in amyloid fibril formation in some cases. In contrast to the extracellular amyloid
deposits, theR-synuclein deposits in Lewy body diseases are intracellular, and thus it is less clear whether
GAGs may be involved. To determine whether the presence of GAGs does affect the fibrillation of
R-synuclein, the kinetics of fibril formation were investigated in the presence of a number of GAGs and
other charged polymers. Certain GAGs (heparin, heparan sulfate) and other highly sulfated polymers
(dextran sulfate) were found to significantly stimulate the formation ofR-synuclein fibrils. Interestingly,
the interaction of GAGs withR-synuclein is quite specific, since some GAGs, e.g., keratan sulfate, had
negligible effect. Heparin not only increased the rate of fibrillation but also apparently increased the yield
of fibrils. The molar ratio of heparin toR-synuclein and the incorporation of fluorescein-labeled heparin
into the fibrils demonstrate that the heparin is integrated into the fibrils and is not just a catalyst for
fibrillation. The apparent dissociation constant for heparin in stimulatingR-synuclein fibrillation was 0.19
µM, indicating a strong affinity. Similar effects of heparin were observed with the A53T and A30P mutants
of R-synuclein. Since there is some evidence that Lewy bodies may contain GAGs, these observations
may be very relevant in the context of the etiology of Parkinson’s disease.

There is abundant evidence that glycosaminoglycans
(GAGs)1 are involved in the formation of the amyloid
deposits which are found in a variety of human diseases
(reviewed in refs 1 and 2). Amyloid deposits are usually
extracellular. Proteoglycans (PGs) containing heparan sulfate,
chondroitin sulfate, keratan sulfate, and/or dermatan sulfate
have been found in all amyloid deposits examined. A role
for GAGs in amyloid formation is indicated by the fact that
serum amyloid A (SAA) protein deposition is preceded by
an increase in expression of the heparan sulfate PG perlecan
in the extracellular matrix (3, 4) and that in both SAA
amyloidosis and Alzheimer Aâ amyloidosis heparan sulfate
is deposited with a time course identical to that of the
amyloid protein itself (5, 6).

Evidence for the relation between GAGs and amyloid has
also come from in vitro studies. GAGs and PGs stimulate
in vitro formation of amyloid fibrils from the Alzheimer Aâ
protein (7-10). Furthermore, PGs and GAGs bind directly
to the Alzheimer amyloid precursor protein (APP) and to

various forms of Aâ in vitro (10-15), with a much higher
affinity for the fibrillar forms of these proteins than the
soluble forms (16, 17). Heparin and heparan sulfate also bind
to the islet amyloid polypeptide amylin (17) and to SAA
(18, 19), and in both cases only amyloidogenic variants of
the proteins exhibit binding. For both Aâ and SAA, GAG
binding is accompanied by an increase in the content of
â-sheet structure, a characteristic of amyloid fibrils (2, 10,
18, 19). Finally, a number of studies have identified specific
regions of APP and Aâ which appear to be involved in GAG
binding (11, 14, 20-22).

In addition to being found in extracellular amyloid
deposits, heparan sulfate is also associated with the intra-
cellular neurofibrillary tangles (NFT), assembled from the
microtubule-associated protein tau, which are found in
Alzheimer patients (reviewed in refs23 and 24). Heparan
sulfate enhances the phosphorylation of tau by various protein
kinases in vitro (25-30) and directly stimulates NFT
formation in vitro (23, 30-32). Furthermore, heparan sulfate
appears in nerve cells at the earliest stages of tau pathology
prior to the appearance of NFTs (23). It has been proposed
that leakage of heparan sulfate or heparan sulfate PGs into
the cytoplasm of neurons could stimulate hyperphosphoryl-
ation of tau, followed by release of tau from microtubules
and assembly into NFT (23).

In the present work we demonstrate a similar effect of
GAGs and related compounds on the formation of amyloid
fibrils from R-synuclein.R-Synuclein, a protein of 140 amino
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acids found in abundance in the presynaptic regions of
neurons, is the principal component of Lewy bodies. These
insoluble fibrous protein deposits are found in neurons of
the substantia nigra in the brains of patients with Parkinson’s
disease and in the brain cortex in the Lewy body variant of
Alzheimer’s disease and dementia with Lewy bodies. Lewy
bodies also appear to contain heparan sulfate PGs (33).
R-Synuclein is also the major component of the glial
cytoplasmic inclusions of multiple system atrophy, and a
fragment ofR-synuclein also has been identified as the non-
Aâ component (NAC) of Alzheimer plaques. Two forms of
familial Parkinson’s disease are due to mutations inR-sy-
nuclein (reviewed in refs34-36).

The function ofR-synuclein is unknown. The isolated
protein lacks any organized secondary or tertiary structure
(37). However, it acquires a high content ofR-helix upon
binding to membranes and phospholipid vesicles (38-41),
and it may have a role in regulating synaptic vesicle
formation (42). R-Synuclein has also been shown to have
protein chaperone activity (43). It also binds to and inhibits
phospholipase D (44). Other binding partners include the
microtubule-associated proteins tau (45) and MAP-IB (46)
and the protein synphilin-1 (47).

Incubation of recombinantR-synuclein for prolonged
periods at 37°C leads to the formation of typical amyloid
fibrils with a morphology similar to those of fibrils isolated
from Lewy bodies (48-55). Fibril formation is strongly
accelerated by agitation (56), and the kinetics of fibril
formation are highly dependent on pH and ionic strength
(57). Fibril formation in vitro can be easily monitored by an
increase in fluorescence of the dye thioflavin T (ThT) (57,
58).

In this study we show that both the extent and rate of
formation of amyloid fibrils fromR-synuclein are greatly
enhanced by heparin and certain other GAGs and charged
polymers. We show that the fibrils formed from wild-type
R-synuclein in the presence of heparin have some significant
differences in morphology relative to those formed in its
absence, although smaller differences in morphology were
observed with the mutantR-synucleins. These results raise
the possibility that GAGs may play a key role in the
formation of Lewy bodies and in the etiology of Parkinson’s
disease and other diseases involvingR-synuclein aggregates.

EXPERIMENTAL PROCEDURES

Materials.GAGs and other polymers used were as follows.
Porcine intestinal heparin (grade I-A, mol wt 18000),
N-acetylheparin (mol wt 18000), polyglutamic acid, sodium
salt (P4636, mol wt 14300), polylysine hydrochloride (P2658,
mol wt 16000), heparan sulfate from porcine intestinal
mucosa (mol wt 7500), keratan sulfate from bovine cornea,
chondroitin sulfate C (90% chondroitin-6-sulfate, 10% chon-
droitin-4-sulfate), chondroitin sulfate B (dermatan sulfate),
dextran sulfate (D6924, mol wt 10,000), dextran (D9260,
mol wt 10,000), salmon testes DNA, yeast tRNA, and baker’s
yeast RNA (R7125) were obtained from Sigma. Chondroitin
sulfate A (90% chondroitin-4-sulfate, 10% chondroitin-6-
sulfate) was from Calbiochem. Fluorescein-labeled heparin,
containing 0.9 mol of fluorescein/mol of heparin, was
obtained from Pierce. Thioflavin T was obtained from Sigma,
St. Louis, MO. All other chemicals were of analytical grade
from Fisher Chemicals or VWR Scientific.

Recombinant humanR-synuclein was purified using the
Impact system (New England Biolabs) as described previ-
ously (57). R-Synuclein fused to an intein containing a chitin-
binding domain was adsorbed onto a chitin affinity column,
and cleavage with dithiothreitol released freeR-synuclein.
The protein was eluted and dialyzed extensively against 10
mM Tris-HCl, 50 mM NaCl, and then water and then
lyophilized in small aliquots. Lyophilized protein was
dissolved immediately before use in 2 mM NaOH, the pH
was adjusted to 10.7-11.3 with NaOH, and the protein was
incubated for 10 min at room temperature (to dissolve any
seeds) before the pH was readjusted to 8 with HCl. The
protein concentration was determined by measuring the
absorbance at 275 nm and using an extinction coefficient of
0.40 mg-1 cm2. For most assays the solution was centrifuged
at 13000 rpm for 15 min and the supernatant taken for the
fibrillation assay.

Fibril Formation Assays. Assay solutions contained protein
at a concentration of 0.25-1.0 mg/mL (18-70 µM) in 20
mM Tris-HCl and 0.1 M NaCl, pH 7.5 (fibrillation buffer)
at room temperature, containing 10 or 20µM ThT with
GAGs or other additives as indicated. A volume of 75 or
100µL of the mixture was pipetted into a well of a 96-well
plate (white plastic, clear bottom), and a1/8th in. diameter
Teflon sphere (McMaster-Carr, Los Angeles) was added.
Each sample was run in triplicate or quadruplicate. The plates
were sealed with Mylar plate sealers (Dynex). The plate was
loaded into a fluorescence plate reader (Fluoroskan Ascent)
and incubated at 37°C with shaking at 300-600 rpm with
a shaking diameter of 1 mm. The rate of fibrillation showed
some dependence on the shaking speed, and a constant
shaking speed was used for all samples within each experi-
ment. The samples were shaken in order to speed the rate of
fibril formation; agitation causes a very significant increase
in the rate of fibrillation, due, we believe, to the hydrophobic
nature of the air-water interface increasing the concentration
of the critical partially folded intermediate. The fluorescence
was measured at 15 min intervals with excitation at 450 nm
and emission at 485 nm, with a sampling time of 40 ms.
The data from replicate wells were averaged before plotting
fluorescence vs time.

The data were fit to a sigmoidal equation (eq 1) using
Sigmaplot:

whereF is the fluorescence intensity andtm is the time to
50% of maximal fluorescence. The initial baseline during
the lag time is described byFi + mit. The final baseline after
the growth phase has ended is described byFf + mft. The
apparent rate constant,kapp, for the growth of fibrils is given
by 1/τ, the lag time is calculated astm - 2τ, and the
amplitude, amp, is given byFf - Fi. Although eq 1 gave
very good fits for the ThT kinetic profiles, the expression is
strictly a simple empirical means of providing kinetic
parameters for comparing rates of fibrillation from different
samples and does not directly reflect the underlying complex
kinetic scheme.

Fluorescence Measurements. In the experiments with
fluorescent heparin, fluorescence was measured in a Fluo-
romax-II spectrophotometer (Spex, Instruments SA). Fluo-
rescein spectra were obtained with an excitation wavelength

F ) (Fi + mit) + (Ff + mft)/{1 + exp[-(t - tm)/τ]} (1)
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of 492 nm in a 250µL cylindrical cuvette. To monitor fibril
formation, 10µL of each reaction mixture was diluted to 1
mL with 20 µM ThT, and the fluorescence was measured
with an excitation wavelength of 450 nm and an emission
wavelength of 482 nm. In the experiments to measure
incorporation of fluorescein-labeled heparin intoR-synuclein
fibrils, 320 µL of fibrillation buffer containing 1.04 mg/mL
(74 µM) R-synuclein and 5µg/mL (0.28µM) fluorescein-
heparin was pipetted into two wells of a 96-well plate and
incubated with agitation in the Fluoroskan Ascent plate reader
overnight. The fibrils were recovered by pelleting for 30 min
at 13000 rpm in a microcentrifuge. The first pellet was
resuspended in 240µL of fibrillation buffer and pelleted
again. The second pellet was washed in a similar fashion
with fibrillation buffer containing 1 M NaCl.

Electron Microscopy. Transmission electron micrographs
were collected using a JEOL JEM-100B microscope operat-
ing with an accelerating voltage of 80 kV. Typical nominal
magnifications ranged from 20000-50000×. Samples were
deposited on Formvar-coated 300 mesh copper grids and
negatively stained with 1% aqueous uranyl acetate.

RESULTS

Heparin Increases the Rate of Fibril Formation. Thioflavin
T (ThT) fluorescence was used to follow the time course of
fibril formation (57, 58). This dye forms a complex with
amyloid fibrils whose fluorescence intensity is proportional
to the amount of fibrils present when the ThT concentration
is held constant (59, 60). These experiments used 20µM
ThT and protein concentrations up to 70µM. Increasing the
ThT concentration did not result in increased fluorescence,
even at the highest protein concentrations. This indicated that
the fluorescence was not limited by the ThT concentration,
even though the protein was present in molar excess. Control
experiments showed a linear increase in ThT fluorescence
as a function ofR-synuclein fibril concentration.

In the presence of 75µg/mL heparin, both the rate and
the extent of fibril formation increased. A typical result is
shown in Figure 1 for an experiment at anR-synuclein
concentration of 0.5 mg/mL. This corresponds to a protein

concentration of 34.6µM and a heparin polymer concentra-
tion of 4.2 µM or a monosaccharide residue concentration
of approximately 260µM. In the absence of heparin, the
ThT fluorescence exhibited a sigmoidal time course, with a
lag time of approximately 20 h, as reported previously (57).
In the presence of heparin, the plateau fluorescence value
was much higher, and the lag time was much shorter. The
data were fit to eq 1 (see Experimental Procedures), and the
results are tabulated in Table 1. For wild-typeR-synuclein,
heparin induced a 6-fold increase in the fluorescence signal
for the plateau value (amp) relative to that in the absence of
heparin. The rate constant for fibril growth, indicated by the
value of 1/τ, increased 4-fold. The time to half-maximal
fluorescence,tm, was reduced 5-fold from 27.8 to 5.4 h, and
the lag time was reduced 6-fold from 17.8 to 2.9 h.

When fibril formation was allowed to go to completion,
as measured by the leveling off of the ThT signal, the
subsequent addition of heparin led to small increases in
fluorescence intensity, which eventually decreased to zero
when added at longer time intervals (data not shown).

Effects of Different Glycosaminoglycans and Polymers.
The effects of different GAGs and polymers onR-synuclein
fibril formation were examined. Preliminary experiments
(data not shown) were performed with each polymer
concentration adjusted to give a monomer residue concentra-
tion of about 400 µM. Both heparan sulfate andN-
acetylheparin gave strong stimulation, while keratan sulfate,
chondroitin sulfate C, polyglutamate, polylysine, and RNA
had little or no effect. In subsequent experiments, for all
polymers other than heparin,N-acetylheparin, and heparan
sulfate, a 10-fold higher monomer residue concentration of
about 4 mM was used. The results of some of these
experiments are shown in Figure 2. The various GAGs and
polymers used, and the resulting kinetic parameters obtained
from fitting the data to eq 1 are summarized in Table 2. The
data for chondroitin sulfate A, RNA, tRNA, and DNA were
omitted from the figure for clarity. The results show that
N-acetylheparin and heparan sulfate were nearly as effective
as heparin in increasing both the yield and rate of fibril
formation. Chondroitin sulfate A and chondroitin sulfate B
(dermatan sulfate) had a much smaller effect, even at the
higher concentrations, and very little effect was seen with
chondroitin sulfate C or keratan sulfate. Thus the magnitude
of the effect depended strongly on which GAG was used in
the assay, with heparin and heparan sulfate showing the

FIGURE 1: Heparin stimulates the formation of amyloid fibrils from
R-synuclein. Fibrillation was monitored by the increase in fluo-
rescence of thioflavin T, as described in Experimental Procedures,
with 0.5 mg/mLR-synuclein. Key: open circles, 75µg/mL heparin;
closed circles, no heparin. The associated kinetic parameters are
given in Table 1.

Table 1: Kinetics ofR-Synuclein Aggregation in the Presence and
Absence of Heparina

amp
(arbitrary

units) τ (h) tm (h)
lag time

(h)

wild type no heparin 87 4.99 27.8 17.8
75 µg/mL heparin 535 1.25 5.4 2.9

A53T no heparin 150 2.01 5.1 8.5
75 µg/mL heparin 320 0.49 1.9 1.9

A30P no heparin 80 6.44 25.0 22.5
75 µg/mL heparin 210 0.81 5.0 3.4

a Derived from data fit to eq 1, as described in Experimental
Procedures, where amp represents the total change in TFT signal,τ
represents the time constant (1/k) for fibril growth, tm is the time to the
midpoint of the transition, and the lag time is the time at which the
growth in fibrils becomes detectable. The errors in the kinetic
parameters were(10-15%.
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strongest stimulation. The absence of any effect by keratan
sulfate, RNA, and DNA indicates that the stimulation is not

simply a nonspecific consequence of the presence of poly-
anions.

Charged polymers other than GAGs were also tested for
their effects onR-synuclein aggregation. Dextran sulfate at
a concentration of 1.04 mg/mL reproducibly gave faster fibril
formation than heparin (at 75µg/mL), albeit at a somewhat
reduced yield, while dextran had a slight inhibitory effect.
[A less dramatic stimulation (data not shown) was observed
when dextran sulfate was used at a concentration comparable
to that of heparin.] This demonstrates that the presence of
charged groups is essential for the stimulatory effect.
Polyglutamic acid also gave substantial stimulation, but
considerably less than heparin. Polylysine reproducibly gave
an initial burst of fluorescence intensity, which then decayed
slowly as time proceeded. This was not due to dye binding
by polylysine, since control mixtures with polylysine in the
absence ofR-synuclein gave no fluorescence above baseline
values. Thus charged polymers other than polysaccharides
are capable of stimulatingR-synuclein fibrillation.

The presence of DNA or RNA had negligible effect on
R-synuclein fibrillation relative to that for the control. RNA
(in the absence ofR-synuclein) showed an enhancement of
ThT fluorescence, which decayed slowly with time; therefore,
the data for samples containingR-synuclein and RNA were
corrected by subtracting the data for the RNA controls
lacking R-synuclein.

Dependence of Kinetics of Fibril Formation on Heparin
Concentration. The dependence of the kinetics of fibrillation
on heparin concentration is shown in Figure 3A. For this
experiment theR-synuclein concentration was 0.3 mg/mL,
compared to 0.5 mg/mL in Figures 1 and 2, and the shaking
rate was reduced to 300 rpm instead of 600 rpm. The addition
of increasing concentrations of heparin led to a reduction of
the lag and a progressive increase in the magnitude of the
plateau fluorescence value. In Figure 3B, the plateau
fluorescence is plotted vs heparin concentration and fitted
to the equation for a hyperbolic saturation curve,y ) y0 +
ax/(b + x), in which x is heparin concentration andb is the
heparin concentration needed for half-maximal fluorescence
enhancement, or the apparent heparin dissociation constant.
The data are well fit by a curve withb ) 3.4 µg/mL, which
is a heparin polymer concentration of 0.19µM or (assuming
that the repeat unit of heparin is a disaccharide ofL-iduronic
acid-2-sulfate andN-sulfo-D-glucosamine-6-sulfate) a monosac-
charide residue concentration of 10µM.

Heparin Is Incorporated into Fibrils. In stimulating fibril
formation, heparin could be incorporated into amyloid fibrils,
or it could be acting in a catalytic fashion. To distinguish
between these possibilities, a fibrillation experiment was
conducted in the presence of fluorescein-labeled heparin,
containing 0.9 mol of fluorescein/mol of heparin. The
reaction mixture containedR-synuclein at a concentration
of 1.0 mg/mL (74 µM) and fluorescein-heparin at a
concentration of 5.0µg/mL (0.28µM) in a volume of 320
µL. The fluorescence spectra of the samples containing
heparin and protein taken immediately after mixing were
identical to the spectra containing heparin alone at the same
concentration, with a fluorescence maximum at 511 nm
(Figure 4).

The sample was pipetted into two wells of a 96-well plate
and incubated with agitation in the Fluoroskan Ascent plate
reader overnight. Samples were withdrawn at 19 and 22 h,

FIGURE 2: Various GAGs and polymers have different effects on
R-synuclein fibrillation. Assays were performed as in Figure 1.
Panel B is an expansion of the ordinate for those samples with the
lowest ThT signals. The solid lines represent the fit of the data to
eq 1, except for polylysine (gray curve). In order of decreasing
intensity the curves are as follows: black, heparin; light green,
heparan sulfate; dark green,N-acetylheparin; blue, 1.04 mg/mL
dextran sulfate; cyan, chondroitin sulfate B; pink, polyglutamic acid;
red, no additions; purple, keratan sulfate; brown, dextran; dark blue,
chondroitin sulfate C; gray, polylysine.

Table 2: Effect of Glycosaminoglycans and Other Additives on
R-Synuclein Aggregationa

concentration

additive µg/mL
monomer

(mM)
polymer

(µM) amp
τ

(h)
tm
(h)

none 106 11.1 26.0
heparin 75 0.26 4.2 541 1.24 4.0
heparan sulfate 99 0.40 13 528 4.87 9.1
N-acetylheparin 84 0.31 4.7 300 2.43 8.7
chondroitin sulfate A 960 4.0 50 184 14.3 24.0
chondroitin sulfate B 960 4.0 50 161 5.6 18.0
chondroitin sulfate C 960 4.0 50 76 4.86 12.0
keratan sulfate 930 4.0 80 93 10.9 16.6
polylysine 660 4.0 41 41 0.41 4.0
polyglutamic acid 520 4.0 36 130 3.79 9.9
dextran sulfate 1040 3.7 104 202 0.51 2.6
dextran 720 1.4 72 61 7.9 31.5
tRNA 1330 4.0 54 105 9.9 15.9
total RNA 1330 4.0 112 12.7 21.7
DNA 100 0.3 106 10.4 22.3

a R-Synuclein fibrillation assays were performed as described in
Experimental Procedures with a protein concentration of 0.5 mg/mL;
the data were analyzed with eq 1. The errors in the kinetics parameters
were(10-15%. For each GAG at least two independent experiments
with three to four wells were averaged for each sample.
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and measurements of ThT fluorescence confirmed that fibrils
had formed and that fibrillation was complete. Also, SDS
gel electrophoresis of the pellet and supernatant revealed that
nearly all of the protein was contained in the pellet (data
not shown). A sample was examined by electron microscopy,
revealing fibrils of normal morphology.

The fibrils were then recovered by pelleting, and about
27% of the total fluorescence-labeled heparin was recovered
in the pellet (Table 3). The pellet was then washed, first with
fibrillation buffer and then with fibrillation buffer containing
1 M NaCl. Fluorescence spectra of all supernatants and
pellets were obtained, and the results are summarized in
Figure 4 and Table 3. The data in the table demonstrate that
the fluorescein-labeled heparin remained associated with the
pelleted protein. Even after successive washings in both low-
and high-salt buffer, 57% of the fluorescein originally
pelleted was recovered in the final protein pellet (the
decreased value is attributed predominantly to loss of fibrils
in the washing procedure; see below).

The spectra also revealed that fibril assembly caused a
red shift in the fluorescein emission spectrum. Gradual
removal of unbound fluorescein during repeated pelleting
produced a further red shift, with the initial pellet showing
an emission maximum at 514-515 nm and the final pellet

having a maximum at 516 nm (compared to 510 nm in the
free compound). Control experiments in which fibrils grown
in the absence of heparin were washed with buffer in a
similar manner also showed some loss ofR-synuclein from
the fibrils, indicating thatR-synuclein fibrils dissolve, at least
to some extent, at neutral pH. Thus the figure of 57% should
be taken as a lower limit of the fraction of the heparin in
the initial pellet that was associated with protein fibrils. Thus
the decrease in the total fluorescence was due mainly to the
removal of unbound fluorescence label, but there was also
some contribution from resolubilization of pellets during the
washing procedure. The sample was also centrifuged for 30
min at 13000 rpm in a microcentrifuge. SDS gel electro-
phoresis of the pellet and supernatant revealed that nearly
all of the protein was contained in the pellet (data not shown).

Heparin Stimulates the Aggregation of MutantR-Synu-
cleins Associated with Parkinson’s Disease.Two point
mutations inR-synuclein are associated with rare familial
early-onset Parkinson’s disease, A53T and A30P. Both
mutants aggregate more rapidly than the wild type, although
fibril formation is more rapid with the A53T mutant and
slower with the A30P mutant (48, 49, 51, 54, 55, 58, 71).
As with the wild-type protein, heparin dramatically stimu-

FIGURE 3: Effect of heparin concentration onR-synuclein fibril-
lation kinetics. (A) Assays were performed as in Figure 1, with
heparin concentrations of 75 (filled circles), 15 (open circles), 8
(filled inverted triangles), 5 (open inverted triangles), 3 (filled
squares), 1.8 (open squares), 1 (filled diamonds), and 0 (open
diamonds)µg/mL. The solid lines are fits to eq 1. (B) Dependence
of plateau fluorescence on heparin concentration. The data were
taken from the 35 h fluorescence values in panel A. The solid line
is a fit of the data to the equationy ) 46 + 165/(x + 3.4).

FIGURE 4: Emission spectra of samples containing fluorescein-
labeled heparin. The preparation of samples is described in the
legend to Table 3. Spectra were obtained as described in the text.
Each spectrum was normalized by dividing the cps at each wave-
length by the cps at the peak. The actual cps values are given in
Table 3. Key: solid line, fluorescein-heparin with no protein; short
dashes, protein samples before incubation (these two spectra are
superimposed); long dashes, protein samples after incubation; dashes
and dots, initial pellet; dots, final pellet.

Table 3: Incorporation of Fluorescein-Labeled Heparin into
R-Synuclein Fibrilsa

fraction peak fluorescence (total cps) λmax (nm)

fluorescein-heparin
plus protein, initial
reaction mixture

1 537 392 511

final reaction mixture 1 294 500 511-512
first pellet 349 813 (27%) 514-515
first supernatant 968 696 (75%)
second supernatant 46 376 (14% of first pellet)
third (high-salt)

supernatant
94 682 (28% of first pellet)

final pellet 190 643 (57% of first pellet) 516
a Fluorescein emission spectra were obtained as described in

Experimental Procedures.
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lated fibril formation with the mutantR-synucleins (Table
1). There were modest differences in the kinetics of the
heparin-stimulated fibrillation reactions, with the kinetics
being fastest with wild-typeR-synuclein and the A53T
variant and slowest with A30P. From measuring the kinetics
of fibril formation as a function of heparin concentration it
is clear that there are significant differences in affinity of
the three proteins for heparin. Thus, the apparent dissociation
constants were 0.6µM for A30P and 0.03µM for A53T
(data not shown), in contrast to the value of 0.19µM for
wild-type R-synuclein.

Effect of Heparin on Fibril Morphology.Electron micro-
scope images of amyloid fibrils formed fromR-synuclein
in the absence and presence of 75µg/mL heparin are shown
in Figure 5. In the absence of heparin (Figure 5A), long
needlelike fibrils were observed with a diameter of 6-12
nm for wild-type R-synuclein (the thicker fibrils appeared
to arise from interaction of thinner ones). In the presence of
heparin (Figure 5B), the fibrils appeared thinner, with a more
uniform diameter of 6 nm, much longer, and many fibrils
were curved (Figure 5B).

The effects of heparin on the morphology of fibrils grown
from the A30P and A53T mutants ofR-synuclein were also
examined. As shown in Figure 5C,D (A30P) and 5E,F
(A53T), there were smaller differences between the fibrils
of the mutants in the presence and absence of heparin. Again,
curvature was seen more commonly in the presence of
heparin, especially with the A30PR-synuclein, and the fibrils
in the presence of heparin tended to be thinner. This probably
arises from the fact that lateral aggregation of fibrils appears
to occur to a greater extent in the absence of heparin.

DISCUSSION
The data presented here show strong stimulation of

R-synuclein aggregation into amyloid fibrils by glycosami-

noglycans, particularly heparin and heparan sulfate. A similar
stimulation of amyloid formation has been observed for
several other proteins which form amyloid, as noted in the
introduction. These results suggest that GAGs or proteogly-
cans could play a role in the formation of the amyloid
deposits ofR-synuclein found in Lewy bodies. The finding
that Lewy bodies contain heparinase-sensitive binding sites
for basic fibroblast growth factor (bFGF) indicates that
heparan sulfate PGs are constituents of Lewy bodies (33).
The bFGF binding was observed only at the periphery of
Lewy bodies, and this occurred with only a fraction of Lewy
bodies in Parkinson’s disease and not at all with the
inclusions from diffuse Lewy body disease. Further work
with different methods for detecting GAGs would be useful
in more extensively characterizing the extent of GAG
association with Lewy bodies.

The relevance of these observations to the formation of
fibrillar deposits ofR-synuclein in Lewy bodies is uncertain
at this time. In the cases of the Alzheimer Aâ protein, serum
amyloid A protein, and amylin, the amyloid deposits are
extracellular, and a direct interaction of extracellular pro-
teoglycans with amyloidogenic proteins provides a simple
in vivo mechanism for the stimulation of fibril formation
by GAGs. In the case of the neurofibrillary tangles of the
protein tau which occur in Alzheimer’s disease, the occur-
rence of heparan sulfate in the cytoplasm of affected nerve
cells prior to the appearance of tangles raises the possibility
that tangle formation is triggered by the leakage of heparan
sulfate PGs into the cytoplasm of neurons during the early
stages of cell degeneration. It is conceivable that similar
leakage of GAGs or PGs into neurons could provide the
trigger for formation ofR-synuclein aggregates in Parkin-
son’s disease and other Lewy body diseases. The presence
of chondroitin sulfates within axon terminals has also been
reported (70).

The strength of the effect of GAGs and other polymers
on fibril formation varies with the particular polymer used.
Similar variation was found with studies on other amy-
loidogenic proteins. In the case of the Alzheimer Aâ protein,
chondroitin-6-sulfate was most effective in stimulating
aggregation, with lesser effects seen with dermatan sulfate
and chondroitin-4-sulfate, followed by (in decreasing order)
heparan sulfate, keratan sulfate, and heparin (7). For tau
aggregation, the strongest effect was seen with heparin,
dextran sulfate, and pentosan sulfate, followed by heparan
sulfate and RNA, with weak stimulation by dermatan sulfate
and chondroitin sulfate, and no stimulation by keratan sulfate,
hyaluronic acid, dextran, and polyglutamic acid (23). Another
study with tau did report stimulation of assembly by
polyglutamic acid; in this case heparin had the strongest
effect, followed by RNA and then by polyglutamic acid (32).

Our results withR-synuclein show that heparin and dextran
sulfate had the strongest effect, with a slightly weaker effect
with heparan sulfate, weaker effects with polyglutamic acid,
polylysine, chondroitin-4-sulfate, and dermatan sulfate, and
little or no effect with chondroitin-6-sulfate, keratan sulfate,
DNA, and RNA, and inhibition by dextran. These results
are similar to those seen with tau, with the notable exception
that we observed no stimulation of amyloid formation by
RNA, while RNA strongly stimulated tau aggregation. It is
interesting to note that RNA has been found associated with
both the Aâ plaques and the tau neurofibrillary tangles

FIGURE 5: Electron microscope images of fibrils formed from
R-synuclein and its mutants in the presence and absence of heparin.
Panels A, C, and E are in the absence of heparin; panels B, D, and
F were grown in the presence of 75µg/mL heparin. Panels A and
B are wild-typeR-synuclein, panels C and D are A53T, and panels
E and F are A30P. The panels are approximately 500 nm wide.
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associated with Alzheimer’s disease but could not be detected
in Lewy bodies (61, 62). This correlates with the different
effects of RNA on in vitro fibril formation for tau and
R-synuclein.

Heparin binding sites on a variety of proteins have been
characterized and are invariably shown to contain clusters
of basic amino acid residues capable of binding to the
negatively charged heparin polymer (63). In the case of a
number of proteins and polypeptides which are induced to
form â-structure by heparin, the heparin binding sequences
consist of alternating basic and nonbasic residues (63). These
include apolipoprotein E (64), an alternating copolymer of
lysine and tyrosine (65), and one of the heparin binding
domains of the Alzheimer amyloid precursor protein (14,
20). Formation of aâ-sheet structure would cause the
alternating basic side chains to point in the same direction
perpendicular to the plane of the sheet, and binding to a
polyanion might stabilize theâ-structure. The N-terminal
region of R-synuclein contains multiple repeats of the
consensus sequence KTKEGV, and pairs of lysine residues
spaced two residues apart occur at positions 10/12, 21/23,
33/35, 42/44, and 58/60 (67, 68). It is likely that this region
of R-synuclein constitutes the GAG binding region and that
it is the transition of the protein from an unstructured state
to a â-sheet conformation which creates a site for GAG
binding. This is an interesting possibility, because it has been
shown that the repeat sequences ofR-synuclein are predicted
to form amphiphilic helices, and whenR-synuclein binds to
lipids, R-helical structure is observed. We have recently
shown thatR-synuclein forms a partially folded conformation
that is enriched inâ-structure (57), so it is possible that this
intermediate is the conformation that binds to heparin.

The experiments with fluorescein-labeled heparin show
that heparin pellets withR-synuclein fibrils on centrifugation
and remains tightly associated with the fibrils during repeated
washing at both high- and low-salt concentrations. The results
further demonstrate that fibril assembly is accompanied by
a red shift of fluorescein fluorescence emission. These data
demonstrate that heparin is incorporated into the fibrils and
rule out a purely catalytic effect of heparin on fibril
formation. The fluorescence red shift indicates that the
fluorescein fluorophores are in a more polar environment in
the fibrils than in free solution. This is consistent with the
idea that heparin binds to sites on the protein with a high
content of amino acid residues with positively charged side
chains.

The origin of the more curved fibril morphology, espe-
cially for wild-typeR-synuclein fibrils grown in the presence
of heparin, is unclear but could suggest that heparin is acting
as a template for fibrillation. In experiments with an
R-synuclein concentration of 35µM, half-maximal ThT
fluorescence enhancement was observed at a heparin polymer
concentration of 0.19µM or a monosaccharide residue
concentration of 10µM. This corresponds to a 200:1 ratio
of polypeptide chain to heparin polymer or a 3.5:1 ratio of
polypeptide chain to monosaccharide unit. One possible
interpretation of these ratios is that the form ofR-synuclein
that binds heparin is oligomeric rather than monomeric and
that many such species can be bound to a single heparin
polymer, which consists of about 60 monosaccharide units.
One possibility for this oligomeric species would be the
fibrillation nucleus. The sigmoidal kinetics of fibril formation

are often attributed to a nucleated polymerization mechanism,
in which the lag corresponds to formation of the nucleus
and the exponential increase corresponds to fibril growth (48,
57, 58, 68, 69). It is interesting to note that heparin affects
both the nucleation and fibril growth stages of the process.
However, it is also possible that heparin binds to a specific
population ofR-synuclein, perhaps a minority conformation,
which then seeds fibril formation.

In all cases, the presence of heparin caused a marked
increase in the final ThT fluorescence signal. There are two
possible types of explanation for this effect: either there is
an increase in the amount of fibrils when heparin is present
or the presence of the heparin, directly or indirectly, affects
the intensity of the ThT signal. In fact, an increase in the
yield of fibrils in the presence of heparin was consistent with
an increased yield of fibrils by electron microscopy; however,
the increase appeared to be significantly less than anticipated
on the basis of the severalfold increase in ThT intensity. This
raises two questions: How could heparin affect the yield of
fibrils, and what else could account for the increased signal?
One possible explanation of the former is that there is a
branched pathway forR-synuclein aggregation, with one
branch leading to fibrils and the other to soluble oligomers,
and the presence of heparin shifts the partitioning to favor
fibrils (71).

However, a second class of phenomena could lead to an
increased fluorescence signal, even without an increase in
the number of fibrils, due to effects on the ThT binding and
signal. For example, lateral aggregation or clumping of
R-synuclein fibrils was often observed in EM and atomic
force microscopy images, and such clumping could decrease
the number of available ThT sites (in the absence of heparin).
Also, the presence of heparin in the fibril could increase the
ThT signal either by increasing the amount of ThT bound
or by a local environmental effect on the ThT fluorescence
emission. This could reflect somewhat different fibril mor-
phologies in the presence and absence of heparin. [We note
that filaments of the protein tau showed a 5-fold greater ThT
fluorescence when formed in the presence of heparin than
in the presence of polyglutamic acid (32)]. Heparin and
heparan sulfate differ structurally in that the latter is less
negatively charged and has fewer sulfate groups; since the
ThT signal for heparan sulfate was less than that for heparin
and even less for chondroitin and keratan sulfates, which
have even fewer negatively charged groups, there appears
to be a loose correlation between ThT intensity and charge
density on the polymer. Similarly, in terms of the effect on
the kinetics of fibrillation, the more highly charged polymers
were more effective in accelerating the rates of fibril
formation, leading to a correlation between increased kinetics
of fibril formation and increased final ThT signal. Further
work is needed to determine the relative importance of these
two types of contributions to the ThT fluorescence intensity.
The effects of polylysine are interesting on two counts: it
has the opposite charge to the other polymers yet enhances
fibrillation, and it leads to complex fibrillation kinetics as
monitored by ThT. The data suggest a rapid formation of
fibrils followed by a slower decrease in ThT-positive
material. It is possible that the positively charged polylysine
facilitates lateral aggregation ofR-synuclein fibrils so as to
decrease the number of ThT sites available to the dye, leading
to the observed decrease at later times.
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The effect of heparin on the kinetics of fibrillation of the
mutantR-synucleins suggests that heparin interacts at an early
stage of aggregation, prior to fibrillation. This is based on
the observation that in the absence of heparin A30PR-sy-
nuclein forms soluble aggregates rapidly but forms fibrils
more slowly than wild type. The A53T mutant, on the other
hand, forms fibrils more rapidly than wild type. The data in
Table 1 indicate that heparin causes A30P to form fibrils
more rapidly than wild type, thus suggesting that heparin
interacts with a normally transient soluble oligomer, which,
in the case of A30P, is longer lived in the absence of heparin.

The results reported here raise the interesting possibility
that proteoglycans or glycosaminoglycans could be directly
involved in the etiology of Parkinson’s disease and related
R-synucleinopathies. For example, if heparin or a related
GAG were present in a neuron, perhaps through a defect in
endocytosis, it could come in contact withR-synuclein. Our
data indicate that, at the high concentrations ofR-synuclein
anticipated in nerve terminals, relatively small amounts of
GAG could cause a dramatic increase in the rate of
R-synuclein fibrillation.
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