Fiber diffraction of synthetic a-synuclein filaments
shows amyloid-like cross-B conformation
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Filamentous inclusions made of a-synuclein constitute the defining
neuropathological characteristic of Parkinson’s disease, dementia
with Lewy bodies, and multiple system atrophy. Rare familial cases
of Parkinson’s disease are associated with mutations A53T and
A30P in a-synuclein. We report here the assembly properties and
secondary structure characteristics of recombinant a-synuclein.
Carboxy-terminally truncated human a-synuclein (1-87) and (1-
120) showed the fastest rates of assembly, followed by human
A53T a-synuclein, and rat and zebra finch a-synuclein. Wild-type
human a-synuclein and the A30P mutant showed slower rates of
assembly. Upon shaking, filaments formed within 48 h at 37°C. The
related proteins - and y-synuclein only assembled after several
weeks of incubation. Synthetic human a-synuclein filaments were
decorated by an antibody directed against the carboxy-terminal 10
amino acids of a-synuclein, as were filaments extracted from
dementia with Lewy bodies and multiple system atrophy brains.
Circular dichroism spectroscopy indicated that a-synuclein under-
goes a conformational change from random coil to gB-sheet struc-
ture during assembly. X-ray diffraction and electron diffraction of
the a-synuclein assemblies showed a cross-B conformation char-
acteristic of amyloid.

Parkinson’s disease (PD) is the most common neurodegen-
erative movement disorder. Neuropathologically, it is de-
fined by nerve cell loss in the substantia nigra and other brain
regions and the presence there of Lewy bodies and Lewy neurites
(1, 2). Abundant Lewy bodies and Lewy neurites in cerebral
cortex are also the defining neuropathological characteristics of
dementia with Lewy bodies (DLB), a common late-life dementia
that is clinically similar to Alzheimer’s disease (3, 4). Ultrastruc-
turally, Lewy bodies and Lewy neurites are composed of fila-
mentous and granular material (5). The discovery of a missense
mutation in the a-synuclein gene in rare cases of familial
early-onset PD (6) has led us to the finding that a-synuclein is
the major component of the abnormal filaments of Lewy bodies
and Lewy neurites in idiopathic PD and DLB (7, 8). Moreover,
the filamentous glial and neuronal inclusions of multiple system
atrophy (MSA) have been found to be made of a-synuclein
(9-12). Taken together, this work has shown that PD, DLB, and
MSA are a-synucleinopathies.

a-Synuclein is a 140-aa protein of unknown function that is
abundantly expressed in brain, where it is concentrated in
presynaptic nerve terminals (13, 14). Two related proteins,
B-synuclein (phosphoneuroprotein 14) and y-synuclein (breast
cancer-specific gene 1 or persyn), have been described (14-17).
The amino-terminal half of each synuclein is taken up by
imperfect repeats with the consensus sequence KTKEGV. In
a-synuclein, these repeats are followed by a hydrophobic middle
region and a negatively charged carboxy terminus. The familial
PD mutations A30P and AS3T are located in the repeat region
of a-synuclein (6,18). Surprisingly, rodent a-synuclein, which is
95% identical to the human protein, carries a threonine at
position 53, like mutant human a-synuclein (19). The same is
true of zebra finch a-synuclein (synelfin), which is 89% identical
to its human homolog (20).

By immunoelectron microscopy, isolated filaments from
DLB and MSA brains were labeled by an antibody directed

against residues 117-131 of a-synuclein (8, 11). Recombinant
human a-synuclein (1-120) was shown to assemble readily into
filaments under physiological conditions, with morphologies
and staining characteristics similar to those extracted from
diseased brain (21). Two subsequent studies reported filament
assembly from full-length human a-synuclein after incubations
ranging from 1 wk to 3 mo at 37°C (22, 23). The A53T mutation
was shown to increase the rate of filament assembly (23). More
recently, improved methods requiring shorter incubation times
have confirmed that full-length a-synuclein assembles into
filaments (24-26). The influence of the A30P mutation on the
rate of filament assembly is unclear, with one study (25)
reporting a stimulatory and another (27) an inhibitory effect.
Recombinant wild-type and AS53T a-synuclein have been
found to bind to brain vesicles, whereas A30P a-synuclein was
devoid of significant vesicle-binding activity (28). These ob-
servations suggest that the two a-synuclein mutations may
differ in their primary effects.

Structural studies have revealed that amyloid fibrils formed
from diverse proteins have similar characteristics. By electron
microscopy, the fibers are long, straight, and unbranched with a
diameter of ~10 nm (29). X-ray diffraction gives a characteristic
cross-B pattern that indicates that the fibrils consist of a hydro-
gen-bonded B-sheet structure in which the B-strands run per-
pendicular to the long fiber axis (30, 31). The fiber diffraction
pattern of a-synuclein filaments has not been previously
investigated.

Here, we describe the circular dichroism and fiber diffrac-
tion patterns of synthetic filaments formed from full-length
wild-type and mutant human a-synuclein, from full-length rat
and zebra finch a-synuclein, and from truncated human pro-
tein. Carboxy-terminally truncated a-synucleins showed the
fastest rates of assembly, followed by rat and zebra finch
a-synuclein and human A53T a-synuclein. Wild-type human
a-synuclein and the A30P mutant exhibited slower rates of
assembly. Filaments extracted from DLB and MSA brains and
synthetic filaments formed from wild-type a-synuclein were
decorated by an antibody that recognizes the last 10 amino
acids of a-synuclein, indicating the presence of the entire
carboxy terminus of a-synuclein in a large proportion of Lewy
body and MSA filaments. Circular dichroism revealed a ran-
dom coil to B-sheet transition of a-synuclein that was not
observed for the related proteins - and y-synuclein. The x-ray
and, more specifically, the electron diffraction patterns from
the filaments gave strong evidence for cross-f structure.

Materials and Methods

Expression and Purification of Recombinant Synucleins. Bacterial
expression constructs encoding human, rat, and zebra finch
a-synuclein, human A30P a-synuclein, A53T «-synuclein,
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a-synuclein (1-120), a-synuclein (1-130), B-synuclein, and
y-synuclein have been described (8, 14, 32). Human a-synuclein
(1-87), a-synuclein (1-132), and a-synuclein (1-135) were pro-
duced by PCR amplification from the full-length construct. After
DNA sequencing, they were subcloned as Ndel/HindIIl frag-
ments into the bacterial expression vector pRK172. Bacterial
expression and purification of synuclein proteins, as well as
procedures for immunoblotting, were as described (14). Purified
proteins were kept at 4°C until use and their concentrations
determined by quantitative amino acid analysis.

Assembly Experiments and Electron Microscopy. For assembly,
a-synuclein proteins were incubated for up to 48 h at 37°C in
plastic or glass tubes placed in a shaking bacterial incubator (G24
environmental incubator shaker, New Brunswick Scientific,
speed setting 450). B-Synuclein and +y-synuclein were incubated
under the same conditions for up to 5 wk. In most experiments,
synucleins were used at 400 puM in 150 pl 30 mM 3-[N-
Morpholino]propanesulphonic acid (Mops), pH 7.2, containing
0.02% sodium azide. The samples were checked by SDS-PAGE
immediately before microscopy to ensure that there had been no
protein degradation. Aliquots of assembly mixtures were placed
on carbon-coated 400-mesh grids and stained with 1% lithium
phosphotungstate, and micrographs recorded at a nominal mag-
nification of 40,000 on a Philips model EM208S microscope.
Filaments were extracted from DLB and MSA brains, as de-
scribed (8, 11). Procedures for immunoelectron microscopy were
as described (21). The anti-synuclein antibody H3C (20) was
used at 1:100. After reaction with the appropriate secondary
gold-conjugated antibody (Sigma Fine Chemicals), the grids
were stained with 1% lithium phosphotungstate.

Circular Dichroism Spectroscopy. Synuclein proteins (400 uM in 30
mM Mops, 0.02% sodium azide) were incubated for 1-2 days at
37°C. They were diluted 1:10 and placed in a 0.1-cm quartz
cuvette and spectra collected on a Jasco CD spectrophotometer
(Easton, MD) at 20°C. Measurements were collected from the
wavelength range 250-190 nm for each protein solution. Five
scans were developed and averaged, with each sample being
measured twice.

X-Ray Diffraction. Fiber diffraction specimens in a partially de-
hydrated state were prepared on a stretch frame using starting
protein solutions of approximately 10 mg/ml, as described
previously (31). X-ray diffraction patterns were collected on
MAR-Research (Hamburg, Germany) image plate x-ray detec-
tors (345 or 300 mm diameter) using a Cu Ka Rigaku rotating
anode x-ray source, with exposure times of 30-60 min and
specimen to film distances of 148 or 175 mm. The images were
displayed and examined by using MOSFLM (33).

Electron Diffraction. Assembled filaments of wild-type human
a-synuclein (~2 mg starting material) were pelleted at 250,000
g for 1 h (Beckman 100.2 rotor). The pellet was resuspended
overnight in 50 ul of distilled water. One microliter of sample
was applied to a holey carbon film, blotted, and rapidly frozen
in liquid ethane for cryo-microscopy. Alternatively, 0.5 ul of
sample was mixed with 0.5 ul of 1% glucose and applied to a
carbon coated grid, blotted, and allowed to air dry. Electron
diffraction and imaging were performed on a Hitachi HF-2000
microscope, using a Gatan cold stage at 170 K under low dose
conditions. Diffraction patterns were taken at 200 kV with a
camera length of 1.2 m and a dose of 100 ¢/nm?. Patterns were
collected from suitable regions ~1 wm diameter, where fila-
ments showed partial alignment. A subsequent image taken in
defocused diffraction mode showed the geometrical relationship
between the region diffracting and the diffraction pattern.
Diffraction was radiation sensitive and had noticeably decayed
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after a dose of 300 e/nm?. Diffraction spacings were calibrated
against evaporated thallous chloride (Agar Scientific). The small
rotation (~5°) between diffraction pattern and image was de-
termined with molybdenum oxide crystals (Agar Scientific).

Results

Assembly of a-Synuclein into Filaments. Incubation of full-length
recombinant human a-synuclein, as well as of A30P a-synuclein
and AS53T a-synuclein led to bulk assembly into filaments, when
the protein solution was subjected to vigorous shaking (Fig.
14-C). The same was true of human a-synuclein (1-87) and
a-synuclein (1-120), as well as of rat and zebra finch a-synuclein
(Fig. 1D-G). Filaments formed within 48 h at 37°C. Human
B-synuclein and y-synuclein failed to form filaments under these
conditions. Only after 5 wk of incubation did they assemble into
small numbers of filaments. The B-synuclein filaments were of
similar morphology to the a-synuclein filaments, whereas
y-synuclein assembled into short fragments and some twisted
ribbons (data not shown).

Time course experiments were carried out to gain a semi-
quantitative estimate of the relative rates of filament formation,
with their presence being monitored by electron microscopy. The
assembly rates were as follows: human a-synuclein (1-87) >
human a-synuclein (1-120) > human AS3T a-synuclein = rat
a-synuclein = zebra finch a-synuclein > human A30P
a-synuclein = human a-synuclein. Recombinant «-synuclein
proteins were used at 400 uM, and at least three independent
protein preparations were used for each experiment. The protein
concentrations required for assembly were determined by incu-
bating varying concentrations of each recombinant a-synuclein
for 48 h at 37°C and by monitoring the presence of filaments by
electron microscopy. The minimal concentration for assembly of
human a-synuclein was ~200 uM, with similar values for the
A30P and A53T mutants, as well as for rat and zebra finch
a-synucleins. This contrasted with minimal concentrations of
~50 uM for human a-synuclein (1-87) and a-synuclein (1-120).

For human a-synuclein, the filaments were typically 6-9 nm in
width and several microns long (Fig. 14). In some filaments, the
overall width varied slightly along the length of the filament. In
general, little substructure could be seen, apart from some
irregular long pitch helical strands in places. These filaments
were of similar appearance to those found in the a-synuclein-
linked neurodegenerative diseases, particularly DLB. By immu-
noelectron microscopy, filaments formed from recombinant
human a-synuclein were decorated by antibody H3C, as was a
substantial proportion of the filaments extracted from DLB and
MSA brains (Fig. 1H-J). H3C is a mAb that was produced
against a synthetic peptide corresponding to residues 128-143 of
zebra finch a-synuclein (20). We mapped the epitope of H3C on
the human protein by using recombinant synuclein proteins and
immunoblotting. H3C recognized full-length human «- and
B-synuclein, but not y-synuclein. It failed to recognize human
a-synuclein (1-130), a-synuclein (1-132), and a-synuclein (1-
135), demonstrating that its epitope resides in the carboxy-
terminal 10 amino acids of human a-synuclein. These findings
thus indicate that DLB and MSA filaments contain at least some
a-synuclein molecules with the carboxy terminus and that this
region is located on the surface of both native and synthetic
filaments.

The morphologies of the filaments formed from A30P
a-synuclein were similar to those formed from the wild-type
protein (Fig. 1B). This contrasted with the filaments formed
from AS3T a-synuclein and from rat and zebra finch a-synucle-
ins, for which the images showed a more marked variation in
width between ~5 and 14 nm with a crossover spacing of ~110
nm (Fig. 1 C, F, and G). These noticeably twisted filaments
resembled those seen in MSA. The filaments formed by the
truncated human a-synucleins (1-87) and (1-120) were shorter
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Fig. 1.

Electron micrographs of a-synuclein filaments. Filaments were assembled from recombinant wild-type human a-synuclein (A), human A30P a-synuclein

(B), human A53T a-synuclein (C), human a-synuclein (1-120) (D), human a-synuclein (1-87) (E), rat a-synuclein (F), and zebra finch a-synuclein (G). Synthetic
wild-type human a-synuclein filaments were decorated by antibody H3C (H), as were filaments extracted from DLB (/) and MSA (J) brains. (Scale bar, 100 nm).

and more irregular and had a tendency to aggregate laterally to
make ribbon-like structures (Fig. 1 D and E).

Circular Dichroism Measurements. Measurements of the circular
dichroism spectra of human, rat and zebra finch a-synucleins,
and of the human mutants A30P and A53T and of the truncated
human proteins (1-87) and (1-120) were consistent with a
random coil structure, with a minimum at 195 nm (Fig. 2.4 and
C). After incubation for 1-2 days at 37°C with shaking, all of the
spectra changed to give a strong indication of B-sheet structure.
Wild-type a-synuclein showed a typical B-sheet spectrum with a
minimum at 217 nm (Fig. 2B). A slight shift in minimum was
observed for human AS3T a-synuclein and human a-synuclein
(1-87) and (1-120), which may have resulted from the extended
B-sheet within the filaments (Fig. 2B). Zebra finch and human
A30P a-synuclein showed a loss of signal at lower wavelengths,
consistent with protein precipitation (Fig. 2D). The related
proteins B- and +y-synuclein gave no indication of a shift from
random coil structure after a similar incubation (Fig. 2 E and F).

Serpell et al.

X-Ray Diffraction. The x-ray diffraction patterns from dried pellets
of filaments assembled from human wild-type a-synuclein, and
from the human mutants A30P and A53T, as well as from the
partial human sequence (1-120) all showed a strong ring at a
spacing of ~0.47 nm (Fig. 3). The pattern from the wild-type
a-synuclein filaments also showed weak diffraction in the 1.0- to
1.1-nm region. Similar patterns were obtained from filaments of
the rat and zebra finch proteins and of human a-synuclein (1-87)
(data not shown).

Electron Diffraction. The advantages of electron diffraction over
x-ray diffraction are that the diffracting volume can be much
smaller and that the region from which the diffraction has been
collected also can be imaged, allowing the geometrical relation-
ship between specimen and diffraction pattern to be established.
In addition, by working with a rapidly frozen specimen in
vitreous ice, the material can be kept in a natively hydrated state.
The electron diffraction pattern from a partially oriented raft of
filaments of wild-type human a-synuclein showed a strong arc of
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Fig. 2.  Circular dichroism spectra of synuclein proteins before (A, C, and E)
and after (B, D, and F) incubation for 1-2 days at 37°C while shaking. (A and
B) Human wild-type a-synuclein, A30P a-synuclein, and A53T a-synuclein,
a-synuclein (1-87) and (1-120); (C and D) Rat and zebra finch a-synuclein; (E
and F) B- and y-synuclein. Before incubation all spectra indicated a random coil
structure. After incubation, the a-synuclein spectra indicated a transition to
B-sheet structure, whereas - and y-synuclein remained in the random coil
conformation.

diffraction at ~0.47 nm, with a weaker second order spacing at
0.23 nm (Fig. 44). In specimens dried in glucose, the third order
spacing at 0.115 nm was also sometimes visible. These arcs clearly
occurred in the same direction as the axes of the filaments (Fig.
4B) and therefore arose from features in the structure running
perpendicular to the filament axis. The 0.47-nm arc sometimes
appeared split, particularly at the outer tips of the arc. Using a
range of camera lengths, no diffraction could be detected in the
region of 0.9-1.1 nm, either meridionally or equatorially. Iden-
tical diffraction patterns were obtained from the twisted form of
AS3T a-synuclein filaments (data not shown).

Discussion

The present study describes the bulk assembly and secondary
structure characteristics of a-synuclein upon shaking at 37°C for
48 h. Carboxy-terminally truncated proteins, such as human
a-synuclein (1-87) and (1-120) assembled at a much faster rate
than the full-length protein, with lower concentrations necessary
for assembly. This indicates that a-synuclein assembles through
its amino-terminal repeat region and that the presence of the
carboxy-terminal region is partially inhibitory for assembly,
confirming and extending our previous findings (21). Recombi-
nant a-synuclein with the familial PD mutations A30P and A53T
assembled into filaments, with the protein bearing the AS3T
mutation assembling at a faster rate than wild-type a-synuclein.
Rat and zebra finch a-synuclein also assembled at a faster rate
than wild-type human a-synuclein, probably because of the
presence of a threonine residue at position 53. Thus, the other
amino acid differences between rat or zebra finch and wild-type
human a-synuclein were unable to compensate for the effects of
threonine 53. Besides influencing the rate of assembly, the
presence of a threonine residue at position 53 also changed the
filament morphologies. Whereas wild-type human a-synuclein
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A53T 1-120

Fig. 3. X-ray diffraction patterns from human a-synuclein filaments. Wild-
type a-synuclein, mutant A30P a-synuclein, mutant A53T a-synuclein, and
a-synuclein (1-120) are shown. Each pattern shows a reflection at 0.47 nm. A
more diffuse, weaker reflection at 1.0-1.1 nmis seen in the wild-type sample.

and the A30P mutant formed predominantly straight filaments
similar to those found in DLB, human a-synuclein with the AS3T
mutation, as well as rat and zebra finch a-synuclein formed
predominantly twisted filaments similar to those found in MSA.
These findings underscore the previously noted (8, 11) polymor-
phic nature of the a-synuclein assemblies. The structural rela-
tionship between straight and twisted a-synuclein filaments may
be similar to that between straight and paired helical 7 filaments
in Alzheimer’s disease (34) and involve an alternative strand
packing, perhaps based on interfaces formed by different se-
quence repeats.

By immunoelectron microscopy, filaments formed from wild-
type a-synuclein were decorated by antibody H3C, which has
been shown to recognize the carboxy-terminal 10 amino acids of
human a-synuclein. H3C also decorated a large proportion of
filaments extracted from DLB and MSA brains, indicating the
presence of an intact carboxy terminus of a-synuclein which is
exposed on the filament surface. We have previously shown that
the amino-terminal region of a-synuclein is buried in synthetic
filaments, as well as in filaments extracted from DLB and MSA
brains (8, 11, 21). Strikingly, an antibody directed against
residues 11-34 of a-synuclein labeled these filaments at one end
(8, 11, 21), emphasizing the different availability of amino- and
carboxy-terminal residues of a-synuclein in the filaments. By
immunoblotting, filament preparations from DLB and MSA
brains have been found to contain predominantly truncated
a-synuclein (35, 36), suggesting that in the human diseases
full-length a-synuclein becomes truncated after assembly. The
same is true of microtubule-associated protein 7 in the paired
helical filaments of Alzheimer’s disease (37, 38). However,
unlike a-synuclein, the amino- and carboxy-termini of 7 protein
are both exposed on the filament surface (37).

Human B-synuclein and y-synuclein failed to assemble into
filaments during the 48-h incubation period. Only after incuba-
tion for several weeks did they begin to form small numbers of

Serpell et al.



Fig. 4.

Electron diffraction from hydrated wild-type human a-synuclein filaments. (A) Electron diffraction pattern with oriented arcs at 0.47 and 0.235 nm

indicated by arrows. (B) Image of diffraction area showing partially oriented filaments with axes running roughly perpendicular to the arcs in A. The illuminated

area is ~1 um in diameter.

filaments. These results are in keeping with the finding that
antibodies directed against B-synuclein and y-synuclein do not
stain the filamentous inclusions of PD, DLB, and MSA (7, 8) and
that there is no genetic evidence linking 3- and y-synuclein to
neurodegenerative disease (39-41).

The findings of the assembly of wild-type and mutant
a-synuclein into straight and twisted filaments extend previous
studies, which showed that full-length human «-synuclein as-
sembles into filaments and that the AS3T mutation increases the
rate of assembly (22-27). Contrary to two recent studies (25, 27),
we failed to observe a significant effect of the A30P mutation on
the rate of filament assembly. Unlike A53T, this mutation has
been shown to lead to a loss in the vesicle-binding activity of
a-synuclein (28), suggesting that the primary effects of the two
familial PD mutations may be different. The A30P mutation may
lead to a partial loss of function that may in turn result in the
accumulation of the mutant protein, followed by its assembly
into filaments. Instead, the A53T mutation may have a direct
stimulatory effect on filament assembly. It also may lead to a
slower degradation by the ubiquitin-proteasome system, thus
facilitating accumulation of the mutant protein (42).

The bulk assembly of full-length a-synuclein required vigorous
shaking. It is possible that shaking leads to the shearing of
a-synuclein assemblies, which then function as seeds, resulting in
a marked acceleration of filament formation. Agitation-
stimulated fibrillogenesis has been observed for other proteins
(43, 44).

Circular dichroism showed that all a-synuclein sequences
tested underwent a conformational change during fibril forma-
tion. Before incubation, they had a random coil structure, in
confirmation of results obtained previously with human
a-synuclein with or without the familial PD mutations (22, 23, 27,
45). Following shaking at 37°C for 48 h, the a-synuclein proteins
showed a B-sheet structure, consistent with the presence of
filamentous assemblies by electron microscopy. This is in con-
trast to a recent report which failed to find a significant random

Serpell et al.

coil to B-sheet transition for wild-type human a-synuclein and
the A30P mutant following 31 days of incubation at 37°C without
agitation (27). A conformational change to B-sheet structure has
previously been noted for the prion protein (46) and the AB
peptide of Alzheimer’s disease (47, 48). It is believed to be an
important step in the pathogenesis of amyloid diseases.

X-ray diffraction of a-synuclein assemblies gave a cross-f3
pattern consisting of a 0.47-nm meridional reflection and in
some samples a 1.0- to 1.1-nm equatorial reflection. The cross-f3
diffraction pattern was first described for insect silk (49) and is
a well-established characteristic of amyloid fibrils (30, 31). The
meridional reflection corresponds to the spacing between main
chain B-strands and the broader equatorial reflection to the
spacing between the B-sheets making up the fiber. Electron
diffraction of hydrated filaments confirmed the cross-$ diffrac-
tion pattern by showing the oriented 0.47-nm reflection and
higher orders on the meridian. The observed splitting of the
sharp reflection has been previously observed for transthyretin
amyloid fibrils (50) and was taken to be due to twisting or slight
imperfections in the ordering of the B-strands. In the best x-ray
pattern, the scattering in the 1.0- to 1.1-nm region was diffuse
and much weaker than the ring at 0.47 nm. The electron
diffraction was recorded from small areas of thin layers of
filaments to get good orientation, so that there was probably
insufficient material in the beam for the diffuse scattering in the
1.0- to 1.1-nm region to be recorded. The fiber diffraction
patterns clearly indicate that the a-synuclein filaments have a
B-sheet conformation that is similar to the structure described
for amyloid fibrils (31, 51).

Structural characterization of amyloid fibrils has been largely
carried out on assemblies present in extracellular deposits (51).
Much less is known about the intracellular filamentous deposits
characteristic of the majority of late-onset neurodegenerative
diseases. a-Synucleinopathies constitute one major class of
neurodegenerative disease with intracellular deposits, the other
two classes being diseases with intraneuronal filamentous T
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protein deposits and diseases with filamentous deposits made of
expanded glutamine repeats (52, 53). Whereas the secondary
structure characteristics of 7 filaments are not well-defined (54,
55), synthetic filaments formed from exon 1 of huntingtin with
51 glutamines gave a cross-B pattern by x-ray diffraction (53).
The present study extends the structural characterization to
a-synuclein assemblies and suggests that a cross-f conformation
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