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ABSTRACT: Elucidating the details of the assembly of amyloid fibrils is a key step to understanding the
mechanism of amyloid deposition diseases including Parkinson’s disease. Although several models have
been proposed, based on analyses of polypeptides and short peptides, a detailed understanding of the
structure and mechanism afsynuclein fibrillation remains elusive. In this study, we used trypsin and
endoproteinase GluC to digest intacsynuclein fibrils and to analyze the detailed morphology of the
resultant fibrils/remnants. We also created three mutants-®fnuclein, in which the N-terminal and
C-terminal regions were removed, both individually and in combination, and investigated the detailed
morphology of the fibrils from these mutants. Our results indicate that the assembly of matymeclein

fibrils is hierarchical: protofilaments~ protofibrils — mature fibrils. There is a core region 6f70

amino acids, from residues32 to 102, which comprises tiferich core of the protofilaments and fibrils.

In contrast, the two terminal regions show no evidence of participating in the assembly of the protofilament
core but play a key role in the interactions between the protofilaments, which is necessary for the fibril
maturation.

Parkinson’s disease is predominantly a movement disorderunstructured when free in solution, it undergoes a structural
resulting from the degeneration of dopaminergic neurons in transition to a highly helical state in the presence of either
the substantia nigra. The cause of the disease is unknownprain-derived or synthetic lipid vesiclesl§ 19), and
but substantial evidence suggests that the aggregation otheoretical sequence prediction also indicates the propensity
a-synuclein is a critical step in the etiology of Parkinson’s for helix formation. In the fibril form, the protein assumes a
disease (PB)1). In patients with Parkinson’s disease, fibrils crossg structure 20, 21), in which individual$-strands are
of a-synuclein are observed in Lewy bodies, the cardinal perpendicular to the fibril axis.
hallmark of PD pathology2). Linkage studies have shown The structure ofo-synuclein can be divided into three
that three independent missense mutations (A30P, E46K, andegions: residues-160, which contain four 11-amino acid
A53T) within thea-synuclein gene lead to rare familial forms imperfect repeats (coding for amphipathic helices) with a
of early onset PD 3—5); familial early onset PD is also  consensus motif (KTKEGV), residues-625, which contain
caused by overexpressiona@fsynuclein due to duplication  the amyloidogenic NAC region2@) and two additional
or triplication of theoa-synuclein gene locuss(-10). The repeats, and the highly charged C-terminal region, residues
production of wild-type (WT)-synuclein in transgenic mice  96—140. NAC (nonamyloid3 component of Alzheimer’s
or of WT or the familial variants A30P and AS53T in disease amyloid) is a 35-amino acid fragmendiedynuclein
transgenic flies leads to motor deficits and neuronal inclu- originally isolated from brain tissue of Alzheimer’s disease
sions reminiscent of PD11—13). patients 23), which comprises the hydrophobic core of the

a-Synuclein is an abundant brain protein of 140 residues, protein and has been shown to have a key role in fibrillation
lacking both cysteine and tryptophan residues. A variety of (22). More recent studies showed that even shorter peptides
spectroscopic studies, including NMR, indicate thasy- from the NAC region can form fibrils24, 25). However,
nuclein is an intrinsically disordered proteirl417). fibril structure studies using site-directed spin labelig)(
a-Synuclein is present in high concentration at presynaptic Proteinase K digestior2{), solid-state NMR 28), and H/D
terminals and is found in both soluble and membrane- exchange Z9) suggest that the core region afsynuclein
associated fractions of the brain. Several possible functionsinvolved in the fibril core is longer, around 70 amino acids.
have been suggested, and it appears to be involved in vesicle In order to determine the roles of the three regions of
release and trafficking. Althougl-synuclein is intrinsically ~ a-Synuclein in assembly of the fibrils, we performed protease

digestion studies on the intact fibrils of-synuclein using

R . . two distinct proteases, trypsin and endoproteinase GluC, and

*Sclé?feosrrt,%?]g%grgﬂtthl\éfe’fj?%golmgg_2?ﬂir‘]?;)'(?S(tggtﬁsggﬂze;g“g{ analyzed the detailed m.orphologies of the resultant fibri'ls/
e-mail: enzyme@cats.ucsc.edu. remnants, as well as their molecular masses. On the basis of

#University of California, Santa Cruz. the results, we created three truncateslynucleins: Syn30

§ Fayetteville State University. ; i _ B i
1 Abbreviations: PD, Parkinson’s disease; AFM, atomic force 140, the truncation of residues—29 from a-synuclein,

microscopy; ATR FTIR, attenuated total reflectance Fourier transform SyNn1—103, the truncation of residues 16240 froma-sy-
infrared spectroscopy. nuclein, and Syn306103, which is the double terminal
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truncation of N- and C-termini. Fibrils from these three placed on the surface of freshly cleaved mica and air-dried.
truncations were obtained, and their morphology was ana- The sample surface was rinsed with flow water for 1 min to
lyzed using atomic force microscopy (AFM). Our findings remove salts. AFM images were collected with a PicoScan
show that the assembly of the mature fibrils is hierarchical. LE SPM system (Molecular Imaging, Phoenix, AZ) equipped
There is a region of~70 amino acids from residue 32 to with Acoustic AC mode (tapping mode) fex situexperi-
102, which is involved in the assembly of tieich core of ments. The magnetically coated probes, with a typical 5
the protofilaments. The two terminal regions show no nm radius and 2.8 N/m spring constant, Type Il MAC Levers
evidence of participating in the assembly of the protofilament (Molecular Imaging), were used in MAC mode and oscillated
core but play a role in the interactions between protofila- at about 30-kHz resonance frequency under an alternating

ments, which is necessary for the fibril maturation. magnetic field. Triangular cantilevers with 100 kHz reso-
nance frequency and 2 N/m spring constant, the V-shaped
MATERIALS AND METHODS cantilever CSC21/Si3N4/No Al (MikroMasch), were used

in tapping mode imaging. Heights ranging from 0.1 to 100
nm were estimated by section analysis, and lateral sizes were
calibrated with standard calibration grid and gold micro-
spheres. At least four regions of the mica surface were
examined to verify that similar structures existed through
the sample. No filter treatment was used to modify the
images. SPIP 4.0 (Image Metrology) was used to analyze

Sample PreparationHuman wild typeo-synuclein was
expressed in th&. coli BL21(DE3) cell line transformed
with pRK172/ a-synuclein WT plasmid (kind gift of M.
Goedert, MRC Cambridge) and purified as previously
described 30). The mutants of Syn30140, Synt103, and
Syn30-103 were created using the QuikChange site-directed
mutagenfesis protocol (ﬁtratagene). Tfhe procedurelfor Syn30 the height, area, and volume distribution
140 purification was the same as for WiFsynuclein. A ' ' '
modi?ied procedure was used for Syn103 gnd Syn3e ATR-FTIR Spectra=TIR spectra ofx-synuclein solution

103 purification, mainly using cation ion-exchange chroma- Were recorded using a ThermoNicolet Nexus 670 FTIR
tography (Hitrap SP FF 5 mL, Pharmacia) in place of the spectrophotometer in the amide | region from 1700 to 1600

anion-exchange chromatography. The resulkaaynuclein pm‘l. Al0uL amount of each fibril suspension (resuspended
proteins were judged to be 95% pure following SDS- insoluble fraction) was applied evenly to the surface of a

polyacrylamide electrophoresis, gel-filtration, and MS analy- 9€rmanium crystal and dried to form a hydrated thin film
sis. by flowing a nitrogen stream across the surface. Background

_ o . and water vapor subtractions were performed. Peak positions
a—l;ntﬂ?;i flst;rr']lgetﬂeo I);zpdhél;zr(]af 182\'\%; grs;vclll?/etg[i)r? were determined by FSD and second-derivative deconvolu-

phosphate buffer (10 mM, pH 7.4) and airfuged (Beckman) tion. Curve fitFing of the 'amide I regions (ravy spectra) was
at 126 00g for 30 min to remove any aggregates. The performed using Gau35|an/Lor_entZ|an functlons. The areas
Syn30-103 was used directly from its fresh prepared under the curves were normalized for comparisons.
solution with airfuge treatment under the same condition.
Solutions (0.5 mL) containing 2 mg/mL protein in 10 mM
phosphate buffer at pH 7.4 with 100 mM NaCl were  The Core Region af-Synuclein FibrilsTo elucidate the
incubated at 37C with Stirring at 600 rpm. The fibrillation structure of the core (ﬁ_synudein fibrils and the solvent-
was monitored by the thioflavin T assa34j until fibrillation exposed regions, two proteases with different cleavage
plateaued. The solutions were then collected and centrifugedrecognition sites were used to treat the full-length mature
at 14 000 rpm. The pellets were rinsed with phosphate buffer o-synuclein fibrils with limited digestion. Trypsin is specific
three 'gimes and resuspended in same buffer for furthertg |ysine and arginine, while endoproteinase Gl@Eaphy-
analysis. lococcus aureudlrotease V8) selectively cleaves peptide

Limited Proteolysis of FibrilsA suspension of fibrils (200  bonds C-terminal to glutamic acid residues (and aspartic acid
uL) with protein concentration of 2 mg/mL was mixed with  residues 108300 times slower than glutamic acid residues).
trypsin (40ug/mL) or endoproteinase GIluC (1@@/mL) to The proteinase-treated fibrils were solubilized and then
reach an 800:1 molar ratio (fibril:enzyme). The mixtures were analyzed with mass spectrometry. Figure 1 shows the mass
incubated at 23C with gentle shaking. Mass spectrometry spectra of the fibrils digested by trypsin (A) and GluC (B),
analysis was performed at discrete time points to monitor respectively. The peaks in the mass spectra represent the
the digestion process. The digestion was halted by spinningpeptides from those regions of the fibrils that were inacces-
down and rinsing the remnants of the fibrils when the mass sible to the proteases, i.e., the fibril core. The molecular
spectra showed no changes afe h of digestion. The masses corresponding to peptides and their sites of cleavage
insoluble remnants of the fibril digestion were resuspended are analyzed and summarized in Table 1.

in phosphate buffer for further analysis. In the case of trypsin digestion, the highest peak has a
Mass Spectrometry (MSAn electrospray ionization MS  mass of 10 188 Da, which corresponds to the peptide from
(MicroMass ZMD, UK) mass spectrometer was used to residues 1 to 102, and reflects the removal of the C-terminal
obtain mass spectra. Samples for MS analysis were madé&ragment residues 163140. This indicates that the C-
by loading 1QuL of the fibril suspension on a mini reverse- terminal region is accessible to trypsin and thus located on
phase column (C8, Analytichem International) and eluted the surface of the fibrils or protruding from the core. Much
using 200uL of 80% (v/v) aqueous acetonitrile with 1%  smaller peaks of 12 266 and 12 038 Da were observed; these
formic acid. The data was analyzed using MassLynx. represent the removal of residues21 and 123, respec-
AFM Measurementdliquots of 10uL of fibril suspen- tively, indicating that the residues K22 and K24 are also
sions (resuspended insoluble fraction)iwit M NaCl were accessible to trypsin in the fibrils. This observation provides

RESULTS
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Ficure 1: The core ofa-synuclein fibrils. Mass spectra af-synuclein fibrils after limited digestion by trypsin (A) and GIuC (B). The
presence of some intact fibrils is shown by the peak at 14 460 Da, while the other peaks correspond to peptides protected from digestion.
The sites of cleavage and the protected peptide segment corresponding to the molecular mass for each peak are summarized in Table 1.
From analysis of the MS data, the protected fragments®fnuclein fibrils are shown below the mass spectra. The sequenesyafuclein

with the potential trypsin sites highlighted in black, and GIuC sites in gray, is shown at the bottom of the figure.

Table 1: Protease-Protected Fragments and Corresponding Cleaved Sitegrafclein Fibrils

trypsin digestion

peptide (kD&

cleaving site(s)/(peptide length)

GluC digestion

peptide MW (Ba)

cleaving site(s)/(peptide length)

14460 —/(1—140) 14460 —/(1—140)

12266 K21/(22-140) 12472 E123/(123)
12038 K23/(24-140) 11458 E114/(2114)
11226 K32/(33-140) 10564 E105/(2105)
10188 K102/(+102) 8552 E28, E114/(29114)
7998 K21, K102/(22-102) 7656 E28, E104/(29104)
7768 K23, K102/(24-102) 6972 E35, E104/(36104)
8912 ?

7190 ?

aThe data collection resolution was 2 Da; systemic errat2sDa.

evidence that both of the terminal regionsmynuclein

both N- and C-terminal regions are solvent exposed. Interest-

are localized at the surface of the fibril core. A small peak ingly, a peak of 6972 Da can also be detected, which

of 11 226 Da was also detected, indicating that residue K31 corresponds to the peptide 3%04. The presence of this

is less readily accessible to trypsin. MS peaks correspondingpeptide indicates cleavage at E35, which means this residue
to two peptides of 7998 and 7788 Da result from cleavage is still accessible to GIuC but much less so than E28. Other
at both N- and C-terminal regions, resulting in peptides peaks observed in the MS come from single-site cleavage

corresponding to residues2202 and 24-102, respectively.

of the fibrils, either at the C- or N-terminals, as described in

Digestion ofa-synuclein fibrils by GluC gave the peptides Table 1.
shown in Figure 1B and Table 1. The major peptide observed Since residue 34 is a lysine, and is not accessible to trypsin,

by MS is 7656 Da, which represents residues-204,

we presume that the region between residues 33 and 35 is

indicating that residues E28 at the N-terminal and E104 at relatively protected to proteases. Combining the data from
the C-terminal were cleaved in the fibrils, suggesting that trypsin and GluC digestion, we conclude that resid4&2
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0.20 are predominantly disordered and are not part of the fibril
A FEY core.

R\ To identify the role of different regions along thesy-
nuclein sequence in the assemblyesynuclein fibrils, three
mutants of truncated-synuclein (syn36-140, synt103,
and syn36-103) were produced and their corresponding
fibrils were obtained. The secondary structures of the three
truncatedx-synuclein fibrils were analyzed using ATR-FTIR
spectroscopy. As shown in Figure 2B, the FTIR spectrum
of syn30-140, the truncated.-synuclein lacking the first
29 residues of the N-terminal region, suggests an increased
intensity at 1635 cm* and decreased absorbance at 1650
cm ! compared with full-length fibrils. This observation
0.20 indicates that the N-terminal region (residues2D) is not
B Y involved in the fibril core and has less ordered structural
7ff\\ organization. Similarly, the fibrils of the C-terminal truncated
/ ‘ protein, syn+102, also show an increased amount of
p-structure and decreased disordered structure. The double
truncation, syn36 103 fibrils showed substantially increased
p-structure and decreased disordered structure relative to the
fibrils of the full-length protein. The data confirm that the
C-terminal region of.-syn does not contribute to the ordered
Z structure in fibrils, and that the double-truncatedynuclein
corresponds to the core afsynuclein fibrils (or protofila-

Intact fibrils
—_— trypsin treated
0104 ===—- GluC treated

Absorbance

1700 1680 1660 1640 1620 1600

0.156 1 — — —- syn30-140
------ syn1-103
—————e syn30-103
Intact Fibrils

0.10 -

=

Absorbance

0.05 -

0.00 -

1700 1680 1660 1640 1620 1600 ments). _
There is very good agreement between the FTIR spectrum

Ficure 2: Comparison of the secondary structures of different of the syn3-103 fibrils with that from the intact fibrils
fibrils probed b)[/) ATR-FTIR spectra of t);we amide | region. A, SUbJ(.aCt.ed to trypsin ar.'d GluC digestion. This suggests that
trypsin- (dash) and GluC- (dash dot) digested fibrils compared to the fibrils of a-synuclein grown from the double truncated
intact a-synuclein fibrils (solid). The spectrum of fibrils of full- ~ mutant (syn36-103) have the same secondary structure as
length a-synuclein (intact fibrils) shows the major peak at 1635 the resistant fragment/core of the protease digested full-length
cm Y, reflecting the high content g-structure. The shoulder around  fiprils. This observation confirms that the coresbynuclein

1650 cm! represents disordered structure. Compared to the . . : : -
spectrum of fibrils of intact-synuclein, the spectra of both trypsin- fibrils consists of the region~32 to ~102), and the two

and GluC-treated fibrils show a decrease in absorbance around 165¢€rminal regions of the protein are located outside of the fibril
cm1and a large increase in absorbance 4635 cnt?, indicating core.

that the protease-digested fibrils have significantly nfbstructure Morphology of Fibrils and Proteolyzed FibrilsAs de-
and less disordered structure. B, the secondary structure of fibrils criped above digestion of-synuclein fibrils by proteases

from truncatedx-synucleins. The increase in absorbance of the 1635 . . . .
cm! peaks of the truncated proteins indicate an increase in SE/€Ctively removes the two terminal regions, leaving the core

B-structure, while the decrease at 1650 émeflects less disordered  Of the fibril rich in S-structure. To elucidate the morphology
structure compared to intact fibrils. All spectra were normalized to of the core of the digested fibrils, AFM images were obtained
the same area for comparison. and their sizes and morphologies analyzed. As shown in
Figure 3, the mature full-length fibrils are long and straight,
with a periodic twist. The second-derivative image of these
fibrils (inset) shows more detail of the twisted structure. The

Wavenumber (cm™)

to ~102 of a-synuclein are protected from both of the

g_rotease_s, fqrmmg the core of the fibril, as shown in the average height of these fibrils was 136:6.5 A (Table 2).
iagram in Figure 1. . L .
o In contrast, the protease-resistant fibril core after trypsin
Secondary Structure of the Fibril CoreATR-FTIR  digestion shows much thinner filaments aligned in the same
spectroscopy was used to elucidate the role of two terminal gjrection. The detailed structure of these filaments is shown
regions in mature fibril assembly and their conformation in i the inset to Figure 3. We believe that the uniform
the mature fibrils. As shown in Figure 2 A, mature full-  alignment of these filaments on the mica is due to solvent
length fibrils of a-synuclein are rich irB-structure, charac-  flow during sample preparation. Theeerageheight of the
terized by a peak at1635 cni* in the amide | region of  digested fibrils was 27.5 1.6 A (some heterogeneity in
the FTIR spectrum. The shoulder at 1650 ¢émepresents fibril height was observed), less than one-fourth of the size
disordered structure (componentsl655 cn! represent  of intact fibrils, and similar to that of protofilaments (see
mostly loops and turns). Fibrils digested with both enzymes below) 32).
gave spectra with relatively increased absorbance at 1635 To elucidate the role of the two terminal segments in the
cm* and decreased absorbance at 1650'¢cimdicating that intact fibrils, we examined the morphology of the fibrils from
removal of the two terminal fragments increases the relative the three truncated-synucleins (syn30140, synt+103, and
amount of3-structure while decreasing that of disordered syn30-103) (Figure 4). The fibrils of syn30140, which
structure. These observations suggest that the core fragmeniack residues 429, show straight, long fibrils similar to the
(~32 to ~102) of a-synuclein consists of predominantly morphology of the intact protein. The insets in Figure 4
[-sheet conformation, whereas the N- and C-terminal regions (upper, enlarged single fibril; lower, second-derivative image)
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Ficure 3: Atomic force and transmission electron microscopy images-synuclein fibrils after digestion by trypsin compared to intact
fibrils. A. AFM: The intacta-synuclein fibrils show double-filament (protofibril) twisted morphology with a height of 136@5 A. The
trypsin-digested fibrils show much thinner morphology with a height of 27.5.6 A. The inserted panels show the second derivative
images of a single fibril, in which the double-filament twist (intact fibrils) and single filament (trypsin-digested fibrils) are more readily
observed. B: TEM.

3

Table 2: Sizes of Different Kinds of Fibrils Measured from AFM trypsin-_digested reSiStant_ﬁbr" core, Smal!er_than one-fourth
that of intact and N-terminal truncated fibrils, and half of

foris size (A) that of the C-terminal truncated fibrils. The detailed images
full length 136.2£ 6.5 show a single smooth protofilament.
trypsin digested 27.51.6
syn30-103 28.8+ 3.0
syn1-103 57.3+ 3.3 DISCUSSION
syn30-140 107.7+ 5.6

Hierarchical Structure ofu-Synuclein Fibrils.The mor-
give the detailed structure of these fibrils, showing clearly phologies of endogenous fibrous proteins show that most of
that the fibril is a twisted double filament. The average height these insoluble proteins are assembled from a number of
of these fibrils is 107.% 5.6 A, as expected a little smaller  filaments (e.g. collagen is composed of threehelical
than that of intact fibrils ofx-synuclein. However, the height  filaments; myosin fibrils contain two twisted filaments; the
of the fibrils from synt-103 is much less than that of intact a-keratin of hair is a two-filament coiled coil). Interestingly,
and N-terminal truncated fibrils, with an average height of most pathological amyloid proteins also show multifilament
57.34 3.3 A. This diameter is a little less than half of the (protofibrillar) assembly, as reported for Alzheimer’s disease
diameters of the other two fibrils. Interestingly, the fibrils Ap (33, 34); a-synuclein, insulin, the B1 domain of protein
from this C-terminal truncated protein also show a twisted G, and amyloidogenic Ig light chair8®). For the fibrous
pattern as shown in the detailed images in the insets to Figureproteins, it is easy to understand that their structures are
4. In marked contrast to all the other fibrils, the height of adapted for a biological function (i.e., strength, elasticity,
the fibrils grown from the double-truncated syr3003 was mobility). In the case of amyloid fibrils it is less clear why
only 28.8+ 3.1 A. This height is similar to that of the they should be composed of multiple filaments: presumably
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Ficure 4: Morphology of the fibrils derived from three truncateesynucleins. The inserted panels in each AFM image are a single fibril
(upper) and its second derivative image (lower). SynB40 fibrils show long, straight morphology, and the double-filament twisted structure

is observed in the enlarged fibril and its second derivative images (attributed to a pair of twisted protofibrils}18§rdives much

thinner fibrils, but double-filament twisted structure is also observed (attributed to a protofibril consisting of two protofilaments): Syn30
103, however, shows very thin fibrils with a single filament and untwisted structure (attributed to a protofilament). The sizes of the three
different fibrils are summarized in Table 2.

25 50 7% 100 1250 0 50 75

this reflects attractive interactions between the surface of the A
component protofilaments/protofibrils.

Previous investigations have shown that full-length mature
fibrils of a-synuclein consist of four intertwined protofila-
ments 82) and have suggested that the fibril core consists
of the central~70 amino acidsZ6—29), consistent with a
recent prediction 35). AFM investigations of full-length B
a-synuclein show a hierarchical assembly mechanism, with —EEIEEEIEEERETEE O IEOETETIEInTeD
initial formation of protofilaments, two of which interact to
form a protofibril, and two protofibrils assemble into mature
fibrils (32). Different morphologies afi-synuclein aggregates
have been reported depending on experimental conditions, —
especially pH 86, 37). The potentially important role of the
C-terminal region ofr-synuclein in fibril formation has been D
attributed to negative charges in the L5 residue region ) ; )
(39). g:xxxzzztzg'

The morphology and size of the various fibrils grown from
the different lengths ofi-synuclein studied in the present
work are schematically represented in Figure 5. We assume E
that the height measured in the AFM images corresponds to
the diameter of the fibrils. Both fibrils grown from full-length
o-synuclein and the fibrils from syn3€140 are twisted, -
double-flaments: the-30% decrease in diameter of the | FEUTCS, Sehenale o o e 826 are ooy o e
N-terminal trqncated syq3€ﬂ.40 IS aﬁtnbyted to the remo"a' of full-length a-synuclein. The fibrils are comgosed of two twisted
of the N-terminal 29 residues. Taking into consideration the protofibrils, each in turn, consisting of two twisted protofilaments.
difference in the length of the two proteins, we conclude B, trypsin-digested fibril. Because of the removal of the N- and
that both of these two types of fibrils have the same C-terminal fragments, the mature fibril disassociated into a single,
hierarchical structure. In contrast, the syriD3 fibrils have ”moe”rf‘t’;”sée‘?ik‘;‘:ﬁgfg\‘bﬂ%gﬂggﬁﬂ%‘%fré’g“msé’\';;%??hg gr?etl(’)rgli?]:’;ll
an average height Ck,)s? to half of that of the mtact_and fragmenf ofa-synuclein inhibited its assembly to mature fibrils.
N-terminal truncated fibrils: the removal of the C-terminal |nstead, the fibril from this truncated protein is composed of two
37 residues alone cannot explain this large decrease intwisted protofilaments, i.e., a protofibril. E, fibril from syn30
diameter. Instead, the size of the syiD3 fibrils is very 140, an N-terminal truncated protein. It is similar in morphology
consistent with the size of a single protofibrB2). The to a mature fibril from intactr-synuclein, but smaller due to the

. o » b e - removal of the N-terminal fragment.

formation of protofibrils, instead of the “mature” fibrils that
full-length and N-terminal truncated-synuclein formed, double-truncatedr-synuclein formed a much thinner class
indicates that the C-terminal segment is necessary for theof fibrils with average diameter of 29 A, half the diameter
assembly of two protofibrils into a mature fibril. This is rather of the protofibrils. We attribute this thinner fibril to a single
surprising, since the C-terminal region is not part of the fibril protofilament, the basic element for fibril assembly. Interest-
core, and is highly negatively charged. Since the protofibrils ingly, the size of these protofilaments is the same as the size
consist of two twisted protofilaments, the stabilizing inter- of the fibril remnants from limited trypsin digestion of the
molecular interactions between the two protofilaments does intact fibrils. This suggests that even the well-packed fibrils
not involve the C-terminal region of the protein. In contrast, of full-length a-synuclein, once their two terminal segments
protofibrils were not formed by syn3€103; instead, this  are removed, disassociate into protofilaments. These results
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indicate that as long as either the N- or C-terminal region is
present two protofilaments can form a protofibril. The
proteolysis results indicate that once the proteases remove
the exposed N- and C-terminal regions that are exposed in
the mature fibrils (four twisted protofilaments) the fibrils
begin to unravel so that the regions that lie within the
interfaces between protofilaments (and protofibrils) become
accessible to the proteases. It is interesting to note that thd
main fragment of the digestion was-102 from the MS
analysis, but the morphology from AFM is different from
that of the +103 mutant fragment. We believe that this is
due to the difference between growing the fibrils from
monomer vs digesting them from fully assembled fibrils.

Our observations are consistent with the hierarchical model
for assembly of mature fibrils ofi-synuclein. The basic
structure of the fibrils is the protofilament, a single smooth
filament directly assembled from individual-synuclein
molecules. Two protofilaments intertwine into a protofibril
via interactions from the core residues and at least one of
the terminal regions; then two protofibrils twist into mature
fibrils via interactions involving the C-terminal region.

Arrangement of Molecules in Protofilamenithe way in
which a-synuclein molecules assemble into protofilaments
is still not understood. Analysis of several amyloid fibrils Ficure 6: Model of the hierarchical structure and the roles of the
from short proteins/fragments and designed peptides, suchterminal regions in the assembly of esynuclein fibril. Two
as Alzheimer’s A8 (full length and its fragments) as well as pro@ofilaments are shown in_teracting via their N- and/or C-termi_nal
other short peptide89—41) using site-directed spin labeling  "€9ions to form a protofibril. Subsequently, two_protofibrils

- . . assemble by the interaction of C-terminal fragments to form a

(42), solid-state NMR 43, 44), and X-ray diffraction 84, mature fibril.
40, 40, 41, 45-51), are consistent with a model of cro8s-
structure. In this model thg-strands run orthogonal to the that the fibrillar core of the protofilaments of-synuclein
fibril direction and are hydrogen-bonded, 4.7 A apart, to form consist of twg3-sheets in which thg-strands are connected
p-sheets parallel to the axis of the fibril. X-ray and electron by -turns with seven strands per molecule. From FTIR data,
diffraction studies ofa-synuclein fibrils show a similar  the major3-sheet component in the amide | band is around
structure 21). For short peptides the arrangement of the 1635 cnt?l, most consistent with parall@-sheets.
molecules perpendicular to the fibril axis may be fully Roles of Two Terminal Regions in Fibril Assembly.
extended%2), or, in larger peptides such as Alzheimer8,A  Interestingly, although the two terminal regions @fsy-
include a hairpin loop45, 53—55). Recently, Eisenberg and  nuclein were not found to be involved in the assembly of
co-workers have proposed eight classes of steric zippers, inthe core of protofilaments, they do participate in the assembly
which theg-strands differ in their arrangement with respect of the fibrils. As discussed above, the mature fibrils grown
to orientation of their faces, direction, and whether parallel from full-length a-synuclein have a characteristic double
or antiparallel 40). double-twisted pattern of structure, composed of four protofil-

Given the 3.5 A axial distances between adjacent amino aments. The protease-resistant core of the trypsin-digested
acids in an extendegtstrand, the length of the-strands of fibrils shows only single filaments, characteristic in morphol-
a-synuclein calculated in this way exceeds the narrowest ogy of the protofilaments. This observation provides strong
fiber dimension 21). Thus, a model of the arrangement of evidence that the terminal regions, either N- or C-terminal,
o-synuclein molecules with several turns and bend or loop or both, interact to hold the doubtelouble-twisted assembly
regions was propose@®). In the present study, we observed together. Furthermore, the mutant truncated proteins with
the smallest cross dimension of protofilaments to-428 A selective removal of the N-, C-, or both termini allow us to
from both protease-resistant filaments of trypsin digested assign a role to each terminal region in amyloidogenesis.
fibrils and the protofilaments derived from syn3003. A Not surprisingly, the fibrils grown from syn30103 exhibit
potential model fora-synuclein protofilaments can be the morphology of a single protofilament. This observation
proposed, given that the protofilament assembled from aleads to the deduction that the absence of the two terminal
polypeptide of~70 amino acid residues, assuming 3.5 A regions results in failure to form mature fibrils because of
axial distances between adjacent amino acids in an extendedhe inability of protofilaments to self-interact. However, if
p-strand, with 4.8 A for the interstrand distance ifi-aheet, the proteins are truncated at their N-terminal region only,
and that the length of thg-strands should not exceed eight the resulting peptide can still form mature fibrils, indicating
amino acids (connected bg-turns), and the maximum that the N-terminal region is not essential for assembly of
number of strands would be seven, assuming all the strandshe mature fibrils. In contrast, the C-terminal-truncated
are arranged in A-sheet plane which in turn assemble into proteins could not assemble into mature fibrils. This suggests
fibrils in-register, although we cannot eliminate the possibility that the C-terminal region plays a key role in the interaction
that there are only five or six strands. The model is shown between two protofibrils. The inability to form the two-
in Figure 6, with five strands for clarity. Thus, we propose protofilament twisted protofibrils in the absence of the
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N-terminal region indicates that the N-terminal region is
required for the interaction of two protofilaments to form a
protofibril. Thus, both N- and C-terminal regions are involved
in the interactions leading to mature fibril assembly. Interac-
tions between the C-terminal region and the fibrillar core
can be attributed to electrostatic interactions between the
negatively charged C-terminus and the positively charged
repeats in the core. The N-terminal interactions with the
fibrillar core may arise from a combination of both hydro-
phobic and electrostatic interactions.
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