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ABSTRACT: The conversion ofR-synuclein into amyloid fibrils in thesubstantia nigrais linked to
Parkinson’s disease.R-Synuclein is natively unfolded in solution, but can be induced to form eitherR-helical
or â-sheet structure depending on its concentration and the solution conditions. The N-terminus of
R-synuclein comprises seven 11-amino acid repeats (XKTKEGVXXXX) which can form an amphipathic
R-helix. Why seven repeats, rather than six or eight, survived the evolutionary process is not clear. To
probe this question, two sequence variants ofR-synuclein, one with two fewer (del2) and one with two
additional (plus2) repeats, were studied. As compared to wild-typeR-synuclein, the plus2 variant disfavors
the formation ofâ-sheet-rich oligomers, including amyloid fibrils. In contrast, the truncated variant, del2,
favorsâ-sheet and fibril formation. We propose that the repeat number in WTR-synuclein represents an
evolutionary balance between the functional conformer ofR-synuclein (R-helix and/or random coil) and
its pathogenicâ-sheet conformation. N-Terminal truncation ofR-synuclein may promote pathogenesis.

Symptoms of Parkinson’s disease (PD)1 include difficulty
in initiating movement, rigidity, and resting tremor (1, 2).
Post-mortem PD brains are characterized by intraneuronal
cytoplasmic inclusions known as Lewy bodies (LB) in the
substantia nigra, the area of most severe neuronal loss. The
fibrillar structures that comprise the inclusions consist
predominantly ofR-synuclein (3-6), a presynaptic protein
of unknown function that is highly expressed throughout the
brain (7-11). The involvement ofR-synuclein in PD
pathogenesis was first suggested by studies of families with
autosomal dominant early-onset PD (FPD) in which two
separate mutations in theR-synuclein gene, A53T and A30P,
were linked to disease (12, 13). This linkage suggests that
R-synuclein might also be involved in idiopathic PD, from
which cases of FPD are nearly indistinguishable, with the
exception of the age of disease onset (14-16).

Both FPD mutations alter the rate ofR-synuclein aggrega-
tion in vitro (17), but only the A53T mutation accelerates
fibril formation as compared to WT (18-22). Both mutations
accelerate the appearance of protofibrils, suggesting a link
between protofibrils and disease. Transgenic mice overex-
pressing humanR-synuclein show changes similar to those
seen with PD, including the age-dependent appearance of

neuronal inclusions and motor deficits (23, 24). Inclusions
in these mice are not fibrillar, again suggesting that fibrils
may not be pathogenic. Recently, the brains ofR-synuclein
transgenic mice were demonstrated to contain insoluble,
truncated forms ofR-synuclein only in regions where
neurodegeneration was observed (25). The significance of
this truncation to PD has not been established.

Little is known about the normal function ofR-synuclein.
It is highly expressed in the brain, but mice lacking
R-synuclein are qualitatively normal, showing only small
increases in the rate of dopamine release during paired stimuli
(26). In vitro studies have shown that the protein is natively
unfolded in solution and remains soluble when boiled (27).
Whether its conformational flexibility is important for its
function is not understood.

The N-terminal domain ofR-synuclein contains seven
positively charged 11-mer repeats (XKTKEGVXXXX con-
sensus motif) (Figure 1A). When mixed with lipid vesicles
comprising negatively charged phospholipids, HFIP, or SDS,
R-synuclein assumes anR-helical conformation (27, 28). The
repeats are required for both helical induction and lipid
vesicle binding (29, 30).

Sequence repeats are a feature of several proteins associ-
ated with neurodegenerative diseases that are characterized
by protein aggregation. Huntingtin, the protein that, in
expanded form, is linked to Huntington’s disease, normally
contains a polyglutamine repeat. There is a strong correlation
between the length of the expanded polyglutamine tract, the
age of disease onset, and the rate of in vitro fibril formation
by polyglutamine-containing model peptides (31, 32). Tau,
a protein associated with frontotemporal dementia and
Alzheimer’s disease, contains repeats that affect its polym-
erization rate (33, 34). One form of genetic prion disease is
caused by the insertion of additional copies of an octapeptide
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repeat near the prion protein (PrP) N-terminus (35-37). The
biological functions of the normal, repeat sequences are not
known, but we expect that they exist, since it is otherwise
difficult to imagine why they are conserved.

To investigate the role of the repeats in the conformational
properties ofR-synuclein, two variants with an altered
number of repeats were created, one with two additional
11-mer repeats (plus2) and one with two fewer repeats (del2)
(Figure 1B). Del2 may be related to as-yet-unidentified
truncated forms ofR-synuclein found in PD mouse models
(25). Various biochemical and biophysical techniques were
used to evaluate conformational differences between these
variants and wild-typeR-synuclein (WT). This comparison
suggests that the repeats decrease the tendency of the protein
to form â-sheet structures, including protofibrils and fibrils.

EXPERIMENTAL PROCEDURES

Cloning. The two R-synuclein variants del2 and plus2
(Figure 1) were generated from the humanR-synuclein
cDNA and were cloned into the pT7-7Escherichia coli
expression vector (provided by S. Tabor, Harvard Medical
School). Del2R-synuclein, which was generated using PCR,
lacks bases 25-90 encoding the first two 11-mer repeats
(residues 9-30). The gene encoding the plus2 variant has a
second copy of residues 25-90 inserted in tandem with the
existing one. These repeats were inserted by generating a
silent mutation (T54A) using site-directed mutagenesis
(Quikchange mutagenesis kit, Stratagene) creating aPstI site
in the R-synuclein cDNA. Two complementary single-
stranded oligonucleotides, containing the sequence of the first
two repeats with PstI ends, were annealed together and
ligated into thePstI site.

Expression and Purification. Cells of E. coli strain BL-
21 DE-3 were transformed with the expression vectors for
each construct, and expression was induced by the addition
of isopropylD-thiogalactopyranoside. The purification pro-
cedure that was used was a modified version of published
protocols (18, 27). Cells were harvested, resuspended in 10
mM Tris (pH 7.5), 1 mM EDTA, 1 mM PMSF, and 1 mM

DTT (1/10 culture volume), and lysed by freezing in liquid
nitrogen followed by thawing and either probe sonication
or passage through a French cell press (twice). After the
lysate had been treated with streptomycin sulfate and
ammonium sulfate, the protein was then resuspended in a
minimal volume of 10 mM Tris (pH 7.5) and 0.5 M NaCl
and boiled for 20 min. The supernatant was saved, concen-
trated, and exchanged into 10 mM Tris (pH 7.5). The protein
was loaded onto a Sephacryl S-300 size-exclusion column
(Pharmacia) and eluted in 100 mM NH4HCO3. R-Synuclein-
containing fractions, identified by Coomassie-stained SDS-
PAGE, were combined and lyophilized.

Circular Dichroism Spectroscopy.Far-UV CD spectra of
R-synuclein were collected at 22°C using an Aviv 62A DS
spectropolarimeter and a 0.1 or 0.02 cm cuvette. The data
were acquired at 1 nm intervals, with a response time of 10
s per measurement. The final spectra were obtained by
calculating the mean of three individual scans and subtracting
the background.

Titration curves were generated by taking measurements
at a single wavelength (222 nm forR-helix and 218 nm for
â-sheet) every second for 120 s, using a response time of 1
s per measurement. Each point on a titration curve was the
mean of the 120 sample points.

DeconVolution of CD Spectra. The software program
CDFit (B. Rupp, Lawrence Livermore National Laboratory,
Livermore, CA) was used to estimate the amount ofR-helix,
â-sheet, and random coil from far-UV CD spectra. This
program uses least-squares minimization to fit CD spectra
to a linear combination of standard polylysine curves for
R-helix, â-sheet, and random coil (38).

Trimethylamine N-Oxide Titration. A 6 M stock of TMAO
was prepared in PBS or TBS [10 mM Tris and 150 mM
NaCl (pH 7.5)] and mixed with 60µM protein in a 2:1 ratio
(v/v) to generate a solution containing 20µM protein in 4
M TMAO. This was mixed at various ratios with 20µM
protein in PBS or TBS to generate a 20µM protein solution
in TMAO concentrations ranging from 0 to 4 M. These
solutions were incubated at room temperature for 24 h and
then analyzed by far-UV CD spectroscopy.

1,1,1,3,3,3-Hexafluoro-2-propanol Titration. HFIP was
added to a 60µM solution of protein in TBS at concentra-
tions ranging from 0 to 8% HFIP and diluted in TBS to a
final concentration of 50µM protein. These samples were
then analyzed by far-UV CD spectroscopy after incubation
at room temperature for 24 h.

Preparation ofR-Synuclein Incubations for Fibrillization
Studies.Samples were dissolved in TBS with 0.02% sodium
azide and filtered through a 0.22µm filter followed by a
Microcon 100K molecular weight cutoff filter (Millipore).
Protein concentrations in the filtrate and incubation were
determined by UV absorbance and quantitative amino acid
analysis (17). Samples were incubated at 37°C on a roller
drum, rotating at 60 rpm. Due to the variability between
experiments in the lag time of aggregation, typical results
are shown.

ThioflaVin T Fluorescence Assay for Fibril Formation. Ali-
quots of theR-synuclein incubations were assayed by thio-
flavin T (thio T) fluorescence as described previously (18).

Electron Microscopy.The EM samples were prepared by
placing 10µL of theR-synuclein solution on a carbon-coated
grid and allowing the solution to stand for 1 min before

FIGURE 1: Amino acid sequence ofR-synuclein and schematic
representation of the variants. (A) The underlined regions mark
the 11-mer repeats. Asterisks mark the residues (A30P and A53T)
mutated in FPD. (B) Representation of WT (black) and the two
variants, del2 (red) and plus2 (green). The shaded regions represent
the 11-mer repeats; the numerical labels indicate the order of the
repeats in WT. Del2 lacks the first two repeats found in WT
(residues 9-30); plus2 has two copies of the first two repeats
(residues 9-30 are repeated in tandem).
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removing the excess solution. The grid was then washed once
with distilled water and once with 1% uranyl acetate before
the sample was stained with fresh 1% uranyl acetate for an
additional 2 min. The samples were then studied in a Joel-
1200EX electron microscope. The grids were thoroughly
examined to obtain an overall statistical evaluation of the
structures present in the sample. All electron micrographs
were taken at 80 kV.

Gel Filtration and UV Absorbance Measurements.To
measure the amount of monomer in each fibrillization
reaction mixture, 20µL aliquots were periodically removed,
centrifuged at 16000g for 5 min to remove insoluble material,
and injected onto a Shodex KW-G column (Showa Denko,
Japan) to isolate the monomeric protein. Elution was
monitored by UV absorbance at 220 nm, and peak areas were
calculated to determine the amount of monomer in each
sample. To correct for small (<5%) differences in the
extinction coefficients, ratios between extinction coefficients
at 220 and 280 nm were measured for each variant, and the
peak areas were correspondingly adjusted, as extinction
coefficients are theoretically the same for all three proteins
at 280 nm (39), which was confirmed by amino acid analysis.
All other gel filtration chromatography was performed on a
Superdex 200 column (Amersham).

RESULTS

Cloning, Expression, and Purification ofR-Synuclein
Variants: WT, Plus2, and Del2.PCR was used to delete
the portion of theR-synuclein cDNA encoding the first two
N-terminal repeats, generating the del2 variant (Figure 1B).
PCR could not be used to generate the plus2 variant since
proper hybridization of primers containing a repeated
sequence would not be assured. Instead, a silent mutation
(T54A) was created in theR-synuclein cDNA to generate a
restriction site (PstI), and a small oligonucleotide containing
the repeat sequence was ligated into this site. Correct
sequences were confirmed; they were then expressed inE.
coli and purified by a protocol identical to that used for WT.
Purified WT can be prepared by boiling theE. coli lysate
(27); the same result was observed for plus2 and del2 (not
shown). After purification, the lyophilized proteins were
assayed by SDS-PAGE and amino acid analysis. Both
procedures demonstrated high purity (g95%) of the proteins.
Plus2 and del2 were reactive with theR-synuclein antibodies
7071, syn-1, and LB-509 by Western blot analysis (Sup-
porting Information).

All Three R-Synuclein Variants Are NatiVely Unfolded.
Like WT, when plus2 and del2 were eluted from a gel
filtration column, most of the protein was monomeric, with
a small amount of protofibrillar material in the void volume
(Supporting Information). As previously observed, the reten-
tion time of monomeric WT, a 14 kDa protein, was consistent
with that of a ca. 60 kDa globular protein (27). Plus2 and
del2 eluted with similar mobilities, del2 slightly later (34
min) than WT (33 min) and plus2 slightly earlier (32 min).
Monomeric proteins were isolated by gel filtration and
analyzed by CD spectroscopy (Supporting Information). The
resulting spectra were very similar, all characteristic of a
random coil structure with a minimum at 198 nm. Both
variants remained soluble when boiled and displayed the
same CD spectra before and after boiling (data not shown),
also consistent with a natively unfolded protein (27).

N-Terminal Repeats Inhibitâ-Sheet Formation.To inves-
tigate differences in secondary structure potential among the
variants, structure induction by TMAO and HFIP was
studied. TMAO is an osmolyte that typically causes unfolded
or denatured globular proteins to fold into their native
globular structures (40, 41). Far-UV CD spectra of the three
proteins were recorded in 2 and 4 M TMAO. At 2 M TMAO
(Figure 2A), all three proteins were partially folded and
contained different amounts ofR-helix (35% in WT, 14%
in del2, and 49% in plus2) andâ-sheet (24% in WT, 42%
in del2, and 1% in plus2). When the TMAO concentration
was increased to 4 M (Supporting Information), the amount
of â-sheet structure in all three variants was significantly
increased (56% in WT, 73% in del2, and 49% in plus2).

The transition from random coil to aâ-sheet-rich structure
by each variant was compared by measuring the ellipticity
at 218 nm over a range of TMAO concentrations (Figure
2B, ellipticity values normalized to the maximum value
observed for each protein). In each case, the transition was
highly cooperative, consistent with a two-state transition. The
del2 variant converted to theâ-sheet species more easily (at
a lower TMAO concentration) than WT or plus2.

N-Terminal Repeats Are Important for Helix Formation.
HFIP was used to induce the conversion of each variant to
an R-helical structure. Like WT, both variants assumed
spectra characteristic of fullyR-helical proteins at 8% HFIP
(Supporting Information), with minima at 208 and 222 nm.
However, at 4% HFIP (Figure 2C), only WT and plus2 were
predominantlyR-helical (75% in WT, 0% in del2, and 95%
in plus2), whereas del2 contained substantialâ-sheet structure
(10% in WT, 61% in del2, and 0% in plus2). Furthermore,
at 3% HFIP (Supporting Information), WT and del2 con-
tained substantialâ-sheet structure (58% in WT and 49% in
del2), whereas plus2 was mostlyR-helix (29%) and random
coil (60%), with only a small amount (11%) ofâ-sheet.

These data suggested that del2 was significantly more
reluctant to formR-helical structure than the other two
variants, a conclusion that was supported by an HFIP titration
(ellipticity at 222 nm was measured, Figure 2D). The curves
were normalized for maximum structural induction, as for
the TMAO titration. The plus2 variant underwent a coopera-
tive transition from random coil toR-helix. In contrast, WT
and del2 both seemed to populate an intermediate state
between random coil and fullyR-helical. This state is more
pronounced for del2, consistent with the emerging theme that
truncation of repeats stabilizesâ-sheet structure.

N-Terminal Repeats Inhibit Amyloid Fibril Formation.
Solutions of plus2, del2, and WT were filtered to remove
oligomeric seeds, and incubated on a rotating drum at 37
°C. Aliquots were removed from each solution periodically
and assayed by (1) thio T fluorescence, to detect amyloid
fibrillar material, (2) UV absorbance measurements (after
centrifugation and gel filtration), to detect monomeric protein,
(3) CD spectroscopy, to monitor changes in secondary
structure, and (4) electron microscopy (EM), to determine
oligomer morphology. In each case, amyloid fibril formation
(Figure 3A and Supporting Information) paralleled the loss
of monomer from solution (Figure 3B). Consistent with its
greater propensity to formâ-sheet structure, the del2 variant
fibrillized more rapidly than either plus2 or WT. Although
lag times for fibrillization are difficult to control and vary
from experiment to experiment, four separate del2 incuba-
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tions first showed a positive thio T signal at 11-21 h, while
WT incubations did not show a significant thio T signal until
30-45 h (Figure 3A and Supporting Information). Plus2
incubations did not show a significant change in either thio
T fluorescence or monomer concentration, indicating that
few if any fibrils were formed. At a higher concentration
(300µM), the plus2 variant formed amyloid fibrils, but only
after prolonged incubation (data not shown). The mildly
agitating conditions of the rotating drum that were chosen
for these experiments accelerated fibrillization in every case,
but did not change the relative rates of the variants (this has
been a general observation in our laboratory in studies of
manyR-synuclein variants). To confirm this general observa-
tion, unagitated incubations of all three variants (70µM at
37 °C) were followed; the del2 incubations developed thio
T reactivity after 15-20 days, while no thio T signal was
observed from WT or plus2 incubations after 25 days
(Supporting Information).

Changes in the far-UV CD spectra of each protein showed
the conversion from random coil toâ-sheet structure and
paralleled the changes in thio T fluorescence. The del2
variant showed the earliest change of the three, at 18 h
(Figure 3C). At 31 h (not shown), the CD spectrum of del2
showed a broad minimum centered at 218 nm, characteristic
of a predominantlyâ-sheet protein, which was increased at
74 h (Figure 3D). WT showed a slight shift toâ-sheet

structure after 74 h, while plus2 was not significantly
changed. At the 74 h time point, the fraction ofâ-sheet
structure for each protein was estimated: 18% in WT, 100%
in del2, and 8% in plus2.

Time-dependent changes in aggregate morphology were
observed by electron microscopy (Figure 4). Initially, no
protofibrillar or fibrillar material was observed in any
incubation (not shown). After 18 h, fibrils were visible in
the del2 sample, and protofibrils were visible in all samples.
At 31 h, protofibrils had disappeared from the del2 sample,
and extensive fibrillar structure was observed (del2 protofibrils
appeared to have been consumed by 31 h). In contrast, WT
and plus2 protofibrils appeared nearly unchanged from 18
to 31 h. After 80 h, clumps of electron-dense material but
no elongated fibrils were present in the plus2 sample, but
fibrillar structures were observed in the WT sample. The
del2 incubation contained numerous fibrils at 80 h.

DISCUSSION

We sought to understand how the N-terminal repeat
sequence inR-synuclein affects its structural propensity since
its “conformational plasticity” is likely to be important to
both its normal and pathogenic functions. Like WT, the
monomeric plus2 and del2 variants were unstructured
(natively unfolded) in solution. Compared to WT, plus2
disfavors and del2 favorsâ-sheet structure. Thus, the

FIGURE 2: Far-UV CD spectra and titrations of WT and the variants under various solvent conditions. (A)R-Synuclein and variants (20
µM) in 10 mM Tris (pH 7.5), 150 mM NaCl, and 2 M TMAO: WT (black), del2 (red), and plus2 (green). (B) Incubations over a range
of TMAO concentrations. Ellipticity was measured at 218 nm. Each curve was normalized so that the value at zero was set to the ellipticity
at 218 nm with 0 M TMAO and the value at 1 is set to the (absolute) maximal value of ellipticity measured at any concentration for each
variant. Del2 formsâ-sheet at lower TMAO concentrations than either WT or plus2. (C) Protein (50µM) in 4% HFIP. (D) Incubations over
a range of HFIP concentrations at 222 nm. Stabilization ofâ-sheet at 3-4% HFIP is strongest in del2, weaker in WT, and absent in plus2.
Curves were normalized as described for the TMAO titration.
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N-terminal repeats, which are important forR-helix forma-
tion, disfavor the formation ofâ-sheet-containing structures,
including protofibrils and fibrils.

Both FPD mutations (A30P and A53T) lie within the
repeated sequence, suggesting either that they increase the
inherent fibrillogenicity of the repeats or that they inhibit
the ability of the repeats to form a nonpathogenic structure.
One version of the latter possibility, that FPD mutations may
affect the tendency of the repeats to assume helical secondary
structure, was first suggested by Eliezer et al., based on
solution NMR chemical shift data that show that the wild-
type protein has a tendency towardR-helical structure in the
repeat region, which is abolished by the A30P mutation (30,
42). Thus, the A30P mutation may shift the conformational
equilibrium away fromR-helix, increasing the effective
concentration ofâ-sheet conformers ofR-synuclein, and the
rate of formation ofâ-sheet protofibrils. However, the A53T
mutation does not change the residualR-helicity as compared
to that of WT, and may act by increasing both the rates of
monomer-to-protofibril and protofibril-to-fibril transitions
(19).

Both N-terminal (reported above) and C-terminal (43) de-
letions ofR-synuclein increase its fibrillogenicity. This find-
ing is consistent with the fact that the NAC fragment (resi-
dues 60-95) is highly fibrillogenic (44, 45) and that this
sequence is part of the protease-resistant core ofR-synuclein
fibrils (46). Although the NAC fragment itself may not exist
in vivo (47), it is important, in light of these data and the
isolation of truncatedR-synuclein in transgenic mouse brain
(25), to consider the possibility that truncation ofR-synuclein
may be involved in pathogenesis of PD or related synucle-
inopathies.

FIGURE 3: Characterization of protein incubations undergoing fibrillization. (A) Thioflavin T fluorescence of aliquots (black for WT, red
for del2, and green for plus2) from 80µM incubations rotating at 37°C from 0 to 80 h to measure the extent of fibril formation. (B) Peak
area of UV absorbance at 220 nm of the monomer peak eluted from a Shodex column. Values for plus2 and del2 were corrected for
differences in the extinction coefficient at 220 nm from WT. CD measurements of fibrillization mixtures taken at 18 (C) and 74 h (D).
Increases inâ-sheet structure content are observed, especially in the del2 sample.

FIGURE 4: Electron microscopy analysis of incubations of WT,
del2, and plus2. WT, del2, and plus2 from 80µM incubations
rotating at 37°C analyzed by electron microscopy at 18, 31, and
80 h time points. Differences in the rate and amount of protofibril
and fibril formation are observed. The white bar is 200 nm in length.
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Accumulating evidence suggests that a discrete protofibril-
lar form of R-synuclein, the “amyloid pore”, may be re-
sponsible for PD neurodegeneration (48-52). The conversion
of protofibrils to fibrils may, therefore, act to “detoxify”
R-synuclein by consuming the amyloid pores. Both the plus2
and del2 protofibril fractions have pore-like activity in vitro
(48, 49), with plus2 being more potent than WT on a per
mole basis (J. C. Kessler and P. T. Lansbury, Jr. , unpub-
lished results). Thus, plus2 may show increased pathogenicity
as compared to WT in a transgenic animal model (at equal
expression levels) where plus2 forms potent pores that are
not easily converted to inert fibrils. This hypothesis will be
tested in transgenic animal models of PD (23, 24).

Finally, the compromise “choice” of seven repeats that
was made by evolution can be rationalized by our “bungee
cord” hypothesis (53). This choice may reflect the need to
avoid overstabilization of the biologically activeR-helical
conformation, while at the same time decreasing the likeli-
hood of pathogenic protofibril formation.
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