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Role of a-Synuclein Carboxy-Terminus on Fibril Formation in Vitro
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ABSTRACT. Alpha-synuclein é-syn) is the major component of intracellular inclusions in several
neurodegenerative diseases, and the conversion of soitgyle into filamentous aggregates may contribute

to disease pathogenesis. Since mechanisms leading to the formatiesyafinclusions are unclear, in

vitro models ofa-syn aggregation may yield insights into this process. To that end, we examined the
consequences on the progressive deletion of the carboxy-terminusyof in regulating fibril formation,

and we show here that carboxy-terminal truncadeslyn proteins aggregate faster than the full-length
molecule. Protease digestion and immunoelectron microscopy indicate tlhasimeamino- and carboxy-
termini are more solvent exposed than the central core and that filaments formed from carboxy-terminal
truncateda-syn are narrower in diameter than the full-length molecule. Moreover, seeding experiments
under conditions where full-lengtit-syn did not readily aggregate revealed that carboxy-trunaat&gh
extending from amino acids-1102 and 110 but not 120 were efficient in seeding full-lengtirsyn
aggregation over a range of concentrations. Using site-directed mutagenesis, the negatively charged residues
104, 105 and 114, 115 in the carboxy-terminus were implicated in this reduced aggregation and the lack
of seeding of full-lengttu-syn fibrillogenesis by $120. Our data support the view that the middle region

of a-syn forms the core ofi-syn filaments and that negative charges in the carboxy-terminus counteract
o-syn aggregation. Thus, the carboxy-terminusxedyn may regulate aggregation of full-lengihsyn

and determine the diameter afsyn filaments.

Alpha-synuclein ¢-syn)! normally a soluble protein  building block of pathological filaments in LBs and LNs of
localized primarily at the presynaptic region of axons, occurs diverse neurodegenerative synucleinopathles3j. Recent
as filamentous inclusions known as Lewy bodies (LBs) and studies have shown that-syn aggregates can be detected
Lewy neurites (LNSs) in several neurodegenerative diseasesin transgenic mouse models as well as transgenic flies
known as synucleinopathies that include Parkinson’s diseaseoverexpressing.-syn, and the formation of these aggregates
(PD), dementia with LBs (DLB), and LB variant of Alzhe- causes neurodegeneration and motor impairments in these
imer’s disease (LBVAD)1—3). Arole for a-syn in disease = models 6—10). Neuronal and oligodendroglia filamentous
pathogenesis is supported by the identification of the A53T a-syn pathology also is abundant in multiple system atrophy
and A30P mutations in the-syngene of rare familial PD  (MSA) and neurodegeneration with brain iron accumulation
pedigrees4, 5) and by growing evidence that-syn is the type | (NBIA) (11—-13).
The major ultrastructural component of pathologizadyn
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a-synuclein. of pre-aggregated-syn 5, 30), and it has been proposed
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thato-syn progresses from an unordered monomer throughovernight, and the volume of the supernatants was reduced

a partially folded intermediate fibril nucleus to finally
elongate into mature filament29).

While the central region (known as NAC) of-syn is
necessary for fibrillization 23, 24, 37, 38), other regions
may play a role in this process. For example, batsyn

to 2 mL using Centriprep-10 concentrators (Millipore Corp.,
Bedford, MA). All proteins were separated by size exclusion
using a Superdex 200 HR 10/30 gel filtration column
(Amersham Pharmacia Biotech, Inc., Piscataway, NJ) with
the appropriate buffers without NaCl (see below). The

mutations are located in the amino terminus, and the A53T truncated proteins were separated by different ion exchange

mutanta-syn fibrillizes faster and more efficiently than wild-
type a-syn suggesting that this region @fsyn is important
for filament formation {4, 16, 17, 36, 39). However, the
propensity to fibrillize increases with decreasing (3, (29)
and with removal of variable lengths of the negatively
charged carboxy-terminug8, 40), thereby implicating this
negatively charged domain in regulatiagsyn fibrillization.

chromatography, according to their predicted isoelectric
points. Full-lengtho-syn and truncatedx-syn proteins
extending over amino acids-1.30 and 1120 were applied
onto a Resource Q column (Amersham Pharmacia Biotech,
Inc., Piscataway, NJ) and eluted in 10 mM Tris pH 7.5 using
a linear gradient of 81 M NaCl gradient. The carboxy-
terminal truncatedi-syn 1-89, 1-102, and +110 proteins,

We have characterized the aggregation properties of Which showed higher isoelectric points than full-lengtsyn,

recombinant full-length and truncatedsyn proteins utilizing

were separated on a Resource S column (Amersham Phar-

several different physical and biochemical methods. We haveMacia Biotech, Inc., Piscataway, NJ) using a linear gradient

also conducted structural and functional studies to investigat

¢0f 0—1 M NaCl in 50 mM MES buffer, pH 6.540). The

a potential mechanism of this aggregation. On the basis of POINt mutations +120/E104A-E105A and +120/E114A-

these studies, a model emerges wherein the NAC region

forms the core of the fibril, while the amino- and carboxy-
terminal regions ofi-syn are peripheral. By using a number
of truncateda-syns to seed the full-length protein, we

D115A, created withine-syn 1-120, were also separated
on a Resource S column, however, in 10 mM Tris buffer,
pH 8.5 and a linear salt gradient. The protein concentrations
were determined using the bicinchoninic acid (BCA) protein

demonstrate that aggregation appears to involve the centraPSSaY (Pierce, Rockford, IL) with bovine serum albumin as

hydrophobic NAC region that is regulated by the negatively
charged carboxy-terminus.

EXPERIMENTAL PROCEDURES

Expression and Purification oft-Syn. Full-length and
truncated recombinant humansyn proteins (corresponding
to amino acids 489, 1-102, 1-110, 1-120, and +130
of a-syn) were expressed ischerichia coliBL21 (DE3)

standard.

Fibril Assembly, Centrifugal Sedimentation, and Turbidity
Analysis.In all experiments, except for circular dichroism
and ATR-FTIR measurements;syn proteins were polym-
erized by incubation at 37C in 100 mM sodium acetate
(pH 7.5) at 100 or 35«tM as indicated, with continuous
shaking for -2 days as in previous report&g, 23). For
co-assembly/seeding experiments, truncated and full-length
o-syn were incubated at a total concentration of 200 at

using the bacterial expression vector pRK172, where the molar ratios of 5:1, 1:1, and 1:5 for 1 day (i.e., conditions

a-syn cDNA was cloned into the Nde | and Hind llI
restriction sites40). The constructs expressing the carboxy-
terminal truncated.-syn proteins were engineered using the

under which full-lengtha-syn does not aggregate). Cen-
trifugal sedimentation at 100 0§Gor 30 min was used to
pellet out polymerizedr-syn. SDS-sample buffer (10 mM

QuikChange site-directed mutagenesis kit (Stratagene, LaTris, pH 6.8, 1 mM EDTA, 40 mM DTT, 1% SDS, and 10%

Jolla, CA). Stop codons were introduced into the wild-type

sucrose) was added to the separated pellets and supernatants,

cDNA, using complimentary sets of synthetic single-stranded which were heated to 100C for 10 min.a-syn proteins
DNA by polymerase chain reactions as previously described were resolved by SDSPAGE, stained with Coomassie Blue

(23). The 1-120/E104A-E105A and +120/E114A-
D115A constructs were created within the 120 construct,

R-250, and quantified by densitometry. The data are pre-
sented as the percentage of pelleted protein or as a

where the point mutations (E104A, E105A and E114A, representative Coomassie stained gel. For turbidity experi-
D115A) were introduced in a similar fashion as described ments, the ORy of the samples was measured on a

above. The codons were changed to reflect that of the desiredspectrophotometer (Beckman DU 640, Beckman, Fulerton,

amino acid with the complement primer as follows: 104
105 For C CAG TTG GGC AAG AAT GcA GcA GGA
GCC CCA CAG GAA GG and 114115 For AA CCA CAG

GAA GGA ATT CTG GcA GcT ATG CCT GTG G, with

CA) as previously describe@8, 30).

AntibodiesThe polyclonal antibodies SNL1 (epitope 104
119) and the monoclonal antibodies (MAb) Syn 204 (epitope
89—-110) and Syn505 (epitope—2A2) were previously

the inverse complement not shown. The sequences of thedescribed41, 42). The polyclonal antibodies SNL-4, NAC,

constructs were verified using the T7 primer and an ABI

and Syn 4357 were obtained by immunizing rabbits

Prism 377 DNA sequencer (PE Biosystems, Foster, CA) as(Covance, Richmond, CA) with synthetic peptides corre-
a service provided by the Nucleic Acid/Protein Research sponding to amino acids212, 75-91, and 43-57 of a-syn,

Core Facility at the Children’s Hospital of Philadelphia.

respectively (HM Keck Institute, Yale), cross-linked to

Following expression and sedimentation, the bacterial chemically activated BSA and KLH (Pierce, Rockford, IL),

pellets fran 1 L of TB broth were resuspended in 40 mL of
high-salt (HS) buffer (0.75 M NaCl, 50 mM Tris, pH 7.4, 1
mM EDTA) containing a cocktail of protease inhibitors,
heated to 100C for 10 min, and centrifuged at 20 0§€or

and affinity purified againsti-syn coupled to Affigel 10
(Pierce).

K114, Thioflain T, and ANS FluorometrjK114 [(tran-
strang)-1-bromo-2,5-bis-(4-hydroxy)styrylbenzene], a novel

10 min. The solution was exchanged with the buffers used congener of Congo redb9), X-34 (43), and BSB 44), as

for ion exchange chromatography without NaCl by dialysis

well as Thioflavin T (ThioT) were used to measure the
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amyloidogenicity ofo-syn. A fresh stock of 5&M K114 quartz cuvette (Aviv, Lakewood, NJ). Spectra were collected
was prepared in 100 mM glycine, pH 8.5, and 140 of between 180 and 280 nm with an Aviv 62DS spectropho-
this solution was added to 174 of undiluted a-syn. tometer (Aviv). The protein concentration of the sample was

Fluorescence at 550 nm, with a long pass filter cutoff of determined with the BCA protein assay using BSA as
530 nm, was measured after 20 min on a Spectra Max standard (Pierce).

Gemini spectrofluorometer equipped with SoftMax Pro  attenuated Total Internal Reflection Fourier Transform
software (Molecular Devices, CA) using an excitation |nfrared Spectroscopy (ATR-FTIRYTR-FTIR spectroscopy
wavelength of 380 nm. was performed using a continuously purged Bio-Rad FTS-
ThioT fluorescence was measured according to previousgoA FTIR spectrometer, unpolarized light, a horizontal 50
reports with some modification2¢, 27). Afresh 0.1 Mstock 10 x 2 mm germanium internal reflection crystal with

solution of ThioT was prepared, filtered through a @@ 45° end facets, and a liquid-nitrogen cooled MCT detector.
cellulose acetate filter, and diluted to 100 ThioT in 100 gpectra were collected as 1024 co-added interferograms in
mM glycine, pH 8.50-syn was diluted in water to 17,8V, rapid-scanning mode with a resolution of 2 ¢mscanning

in a final volume of 5QuL to which 50xL of 100uM ThioT speed of 20 MHz, triangular apodization, and one level of
was added. Fluorescence at 490 nm, with a |Ong pass filterzero f||||ng 5,LLL samp|es of aggregated or unaggrega’[ed
cutoff of 475 nm, was measured withir-2 min on a Spectra  g-syn, at 2ug/uL in 10 mM HEPES buffer pH 7.4, were
Max Gemini spectrofluorometer using an excitation wave- applied to the crystal and either air-dried or dried as rapidly
length of 440 nm. as possible under argon. Background spectra were collected
For ANS binding assays, AL of a 20 uM methanolic  jmmediately before applying sample, and sample spectra
solution of ANS was added to 19 of 8.75uM a-synin  were collected as soon as samples appeared to be dry.
PBS at pH 7.4 and incubated for 30 min at room temperature. Spectral amplitudes have been normalized, but no smoothing,
Fluorescence at 490 nm, with a long pass filter cutoff of water vapor subtraction, nonlevel baseline correction, or

475 nm, was measured with the Spectra Max Gemini deconvolution procedures were performed on the spectra.
spectrofluorometer equipped with SoftMax Pro software

(Molecular Devices, CA) using an excitation wavelength of RESULTS
390 nm. Data are shown corrected for baseline ANS
fluorescence. Carboxy-Terminal Deletion IncreasesSyn Aggregation.
Proteinase K Digestion of AggregatedSyn.Proteinase 10 assess the ability of carboxy-terminal truncated recom-
K digestion of aggregated and unaggregatedyn was binanta-syn proteins to polymerize into fibrils, the mutant
performed as described previousBa). Briefly, 250 ug of a-syn were compared to the full-length protein using
aggregated or unaggregated Synuc|ein, diluted mﬂL previously established conditions for assemh@)(Turbidity
in water, was incubated with 17:8) of Proteinase K (Fisher ~ and centrifugal sedimentation analyses were used to compare
Scientific) in a final volume of 17&L at 37 °C for 30 min. the assembly properties of full-length and carboxy-truncated
The digestion was terminated by addingl2of 0.5 M PMSF ~ a-syn at 350 and 10Q«M. Evaluation of assembly by
and boiling immediately in SDS sample buffer for 10 min turbidity at 350uM demonstrated that-1110, 1-120, and
at 100°C. 1-130 truncatedr-syn assembled more readily than the full-
Negatie Staining Electron Microscop¥ibrillized o-syn length protein consistent with previous findin@8 (Figure
proteins were adsorbed onto 300 mesh carbon coated coppetA). The aggregation of the truncations 89 and +-102 is
grids, stained with 1% aqueous urany| acetate, and Visua"zedess robust than that of the other three truncations but better
with a JEOL 1010 transmission electron microscope (EM) than that of full-lengtho-syn (Figure 1A). We also noted
(Peabody, MA). EM images were captured with a Hamamat- that the pH of the solutions did not change over time for all
su digital camera (Bridgewater, MA) using AMT software thea-syn proteins. Reduction in the concentrations used for
(Danvers, MA). For diameter determination, the widths of aggregation from 350 to 10@M revealed more striking
100-120 filaments were measured using Image-Pro Plus differences (Figure 1B). The-189 and 102 were again less
software (Media Cybernetics, Del Mar, CA). robust than +110; however, the longer truncations{120
Immunoelectron Microscopyibrillized a-syn proteins  and }-130) and full-lengthu-syn appeared to assemble less
were adsorbed onto 300 mesh carbon coated nickel grids fficiently at 1004M than at higher concentrations (Figure
blocked with 1% bovine serum albumin for 15 min, and 1B). This is particularly evident after 24 h of assembly.
immunostained for 30 min with affinity purified antibodies Centrifugal sedimentation was used to compare the as-
for immuno-EM studies. The filaments were decorated with sembly of the full-length and truncatedsyn proteins, and
anti-rabbit or -mouse antibodies conjugated to 5 nm gold the data are represented as a percentage of the pelletable
particles (AuroProbe EM, Amersham) and negatively stained a-syn versus the totak-syn quantified after SDSPAGE
with 1% aqueous uranyl acetate. Control grids were incubated(Figure 1E). All of the truncated proteins (i.e+&9 through
with secondary antibody alone. The grids were visualized 1—130) aggregated more rapidly than full-lengéfsyn after
at a magnification of 120 000 with a JEOL 1010 transmis- 24 h at a concentration of 350M (Figure 1C) with about
sion electron microscope. EM images were captured with a 70—80% of the truncatedx-syn recovered in the pellet
Hamamatsu digital camera using AMT software as described.fraction when compared to about 25% of the full-length
Far-UV Circular Dichroism (CD) Spectroscopyg-syn at protein. However, by 48 h, full-length and truncaieeyn
2 mg/mL in 100 mM phosphate buffer, pH 7.6, was left reached maximum assembly. The shorter truncatesyn
unaggregated or aggregated at@7#or 2 days with constant  proteins (i.e., the 489, 1-102, and +110a-syn species)
shaking. The proteins analyzed by CD were diluted to 0.25 had an even greater propensity to aggregate since only 100
mg/mL in double distilled water and transferred to a 0.1 cm uM of these truncated proteins were required for assembly,
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Ficure 1: Comparison of the assembly efficiency of full-length and carboxy-terminal truncassth. Each protein was incubated under
assembly conditions (100 mM sodium acetate, pH 7.5) for 0, 24, and 48 h. Polymerizatiesypfproteins at 350M (A and C) and 100

uM (B and D) was assayed by turbidity Qf3 (A and B) and sedimentation centrifugation analysis (C anchB3).4 and error bars= sem.
Representative Coomassie stained gels containing supernatants (s) and pellets (p) of aggregated and unaggregated proteins at equal proteil
concentrations (E).

which reached a maximum by 24 h (Figure 1D). By contrast, The CD spectra for unaggregateesyn proteins exhibited
the longer proteins 1120, 1-130, and full-lengtho-syn a minimum at 195200 nm of molar ellipticity and a small
aggregate poorly at these concentrations, at both 24 and 4&egative shoulder at 23230 nm, with a trend toward
h (Figure 1D). Thus, aggregation is affected by both increasing intensity with an increasing length of the proteins

truncation and concentration. (Figure 2A). The spectra indicate thatsyn is predominantly
Carboxy-Terminal Truncated-Syn Species Polymerize unstructured or random coil with a small amounbehelix
into 8-Sheet Fibrils.To assess whether pelletablesyn and -sheet structure. Upon aggregation, all truncated and

proteins formed ordered filaments withgasheet structure ~ wild-type a-syn proteins showed some degreefetheet
that is typical of all amyloid, or alternatively, unordered since the CD spectra showed a maximum at-2205 and a
aggregates, we employed physical methods sensitive tonegative deflection at 25230 (Figure 2B), similar to
polypeptide secondary structure, including CD spectroscopy previous observation28). The less intense positive signal
(Figure 2A,B), ATR-FTIR spectroscopy (Figure 2€), and at 200-205 and the shift in the negative deflection from
chemical dyes that detect amyloidogefiisheet conforma- 230 to 215-220 nm with larger proteins suggest that the
tion (e.g., K114 and ThioT) via fluorescence spectroscopy sample is a mixture of the spectra for unordered structure
(Figure 2F,G). along withf3-sheet structure. Significantly;1.10 and +120



8534 Biochemistry, Vol. 42, No. 28, 2003 Murray et al.

1000000,
750000
500000+
250000 |

o4

z -4
@ -500000- =
i ]
i -750000, 2
~1000000+
1250000/ i
1250000 Y f —Fukengn
—— FullHength iVl — 189
-1500000-
—+ 1500000 “»-1.102
—~ 10z —-1-110
-1750000- —-1-110 ——1-120
1420 1750000, -
<1130
-2000000+ 1130

180 180 200 210 220 230 240 250 260 270 280 180 200 210 220 230 240 250 260 270 280
Wavelength

C 1.0

0.8
0.6

0.4

Normalized abosorbance

0.2

DO . . - - - . | 0.0-4= . . . . .0 . . . .
1720 1700 1680 1660 1640 1620 1600 1720 1700 1680 1660 1640 1620 1600 1720 1700 1680 1660 1640 1620 1600
Wavenumber em-1 Wavenumber cm-1 Wavenumber cm-1
500
F E22 0 Hours. G
1800, 50 Hours 124 Hours

__|24 Hours
W48 Hours
1600 |

I 48 Hours

=
2

1400

a2
=2
e o
a2 o

Thioflavine T
Relative Fluorescence (arbitrary units)

800 |

g

600

400

K114
Relative Fluorescence (arbitrary units})
g

200

nFl‘l‘l‘l-Iongﬂl:::: 1-89 ...‘.1-102 ““1-110 - “1-|ZU ““1-130 FulHength  1-89 1-|EI2 T1-110 1-120 1130
Ficure 2: Formation ofg-pleated sheet structure is associated with filament assembly of all truncastgul proteins. Circular dichroism

of unassembled-syn proteins (A) and 48-h assembleesyn proteins (B) at 0.2ag/uL in 300 uL of 100 mM phosphate buffer, pH 7.5,
expressed as molar ellipticity. ATR-FTIR spectra in the amide | region of hydrated thin films of unassembled protein (C), assembled
proteins with no centrifugation (D), and assembled proteins after centrifugation and resuspension of pelleted fibrils (E) were expressed as
normalized absorbance. Protein samples consistedudf 6f 2 ugjuL a-syn in 10 mM HEPES in BO buffer at pH 7.4 dried onto a
germanium internal reflection crystal. Fluorescence was measuraeesgn aggregated at 35MM (F and G). K114 fluorescence ofsyn

(F) and ThioT (G) in 100 mM sodium acetate buffer, pH 7.5, for 0, 24, and 48 h. Final protein concentrations wereu 10t.%114

and 8.75uM for ThioT fluorescencen = 4 and error bars= sem.

but not the othero-syn variants adopted predominantly proteins are converted from mostly unordered to predomi-
[-sheet structure since intense positive signals were detectedhantly 5 structure. Furthermore, it was noted that slower
at 200-205 nm. drying, air-drying, of the unaggregatedsyn resulted in a
The normalized ATRFITR spectrum of unaggregated peak at 1627 cmi, indicating the presence of sorfiesheet
a-syn proteins demonstrated an absorption maximum at(data not shown).
1652-1660 cnt! with a prominent shoulder at 1647 cin Using a Congo red fluorescent derivative K114 to quantify
consistent with the existence of ngnand unordered or  the amount of amyloid formation, all of the-syn prepara-
random coil structures (Figure 2C). After aggregation, the tions showed intense fluorescence particularly after 48 h of
peak at 16521660 cnm! is prominent along with a peak at  incubation (Figure 2F). The fluorescence for full-length and
1627 cm! and a small shoulder at 1695 ch(Figure 2D) 1-120 a-syn showed marked increases over 24 and 48 h,
indicative of the presence of both unordered grafructure. with the other truncations (89, 1-102, 1-110, and
Centrifugation to eliminate unaggregataesyn and resus-  1—130) showing less changes with time (Figure 2F). By
pension of the pellet to enrich for aggregatedgyn tended contrast, onlya-syn fibrils formed from full-length, £120,
to reduce the contribution of the 1652656 cm! peak and 1130 but not the shorter carboxy-truncated proteins
(Figure 2E) suggesting that during-syn assembly, the (i.e., 1-89, 1-102, and +110) showed appreciable ThioT
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Ficure 3: All a-syn proteins have a fibrillar ultrastructure. After aggregation in 100 mM sodium acetate, pH 7.5, for 48 h, samples of
a-syn proteins were applied onto copper carbon coated grids and visualized by negative staining transmission EM with 1% aqueous uranyl

acetate. Representative fields on the grids are depicted. The proteins and widths (nm) are fud-eynytt0.54+ 1.82 (A); 1-130, 6.76

+ 1.38 (B); 1-120, 8.73+ 2.09 (C); +-110, 6.71+ 1.10 (D); +-102,

8.17+ 1.15 (E); and £89, 7.06+ 1.47 (F). The widths represent

the mean of 108120 measurements of several fibers for each protein using Image-Pro Software. Magnification 2 2en@0€cale bar
= 100 nm. The adjacent inserts for each panel areséftware magnification of individual fibrils, demonstrating sample fibril widths.

Some fibrils are seen as two or more strands (B, C, E, and F) and twisted strand pairs (D) (actual quantification of fibril widths listed

above).

fluorescence particularly after 48 h of incubation (Figure 2G).

= 6.71+ 1.10, 1-102 o-syn = 8.17 + 1.15, and +89

The discrepancy between the intensity of fluorescence asa-syn= 7.06+ 1.47 nm. This reduction in width af-syn

detected by K114 versus ThioT for the larger C-terminus
truncated £89, 1-102, and 110 is unknown at this time.
However, it is well-known that not af§-sheet fibrils stain
with ThioT (45, 46), and it is possible that the removal of

filaments upon truncation of the proteins suggested a role
of the carboxy-terminus af-syn in determining fibril widths.
Moreover, -89, 1-102, and +130 formed long filaments
that extended at least for several microns, similar to full-

some of the negatively charged carboxy-terminal residueslengtha-syn (data not shown). Longer fibrils were occasion-
reduces the electrostatic interaction of the positively chargedally observed for 120, but the majority of fibrils of £110

ThioT with o-syn.

Carboxy-Terminal Deletion Affectg-Syn Fibril Ultra-
structure.To assess whether truncateeyn proteins behave
like the full-length protein and aggregate into 10 nm diameter
fibrils, negative staining EM was performed. Figure-3A
shows that all the aggregateesyn proteins form unbranched
fibrils, not amorphous aggregates, with the truncatesn
species forming shorter fibrils that tended to bundle laterally.
This is most notable for 1-110 (Figure 3D), which may
explain the increased turbidity measurement (Figure 1B).
Furthermore, the diameter of fibrils assembled from the
carboxy-truncated-syn proteins was less that of the full-
length protein with widths for the differeit-syn species as
follows: full-length a-syn= 10.544+ 1.82, 1-130 a-syn
=6.76+ 1.38, +-120a-syn= 8.73+ 2.09, :-110a-syn

and 1-120 species were short (Figure 3C,D). Thus, all of
the a-syn proteins studied here formed ordered fibrils, with
slightly reduced widths upon carboxy-terminal truncation of
o-syn.

NAC (61-95) Is Required for ANS Binding and Proteinase
K Protection. The decreases in fibril widths upom-syn
carboxy-terminal truncation suggest differences in the fibril
structure of the different species afsyn. ANS binding, a
hydrophobic binding dye, and proteinase K digestion were
used to probe for structural differences. There was little ANS
binding to the unaggregatedsyn proteins, with an increase
in ANS fluorescence upon-syn aggregation. Full-length
and 1-130 species had little ANS binding at 24 h, which
increased after 48 h (Figure 4A). The shortesyn trunca-
tions (i.e., £102 to 1-120) had biphasic ANS binding, with
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A resistance (Figure 4C). Thus, the entire NAC region partakes
7 2%°| B0 Hours B in formation of the secondary structure required to generate
£ 225| LI124 Hours both ANS binding and protease K resistance.
= 48 Hours

Reduced Antibody Binding to Centrally LocatedSyn
EpitopesThe differences in fiber widths, protease resistance,
and ANS binding of thex-syn truncations prompted us to
utilize immuno-EM to probe ultrastructural differences in
the differenta-syn species. In general, the epitope exposure
within theo-syn fibrils is as follows: amino-terminal (amino
acids 2-12) > carboxy-terminab NAC region. The 212
amino acid epitope, as detected with amino terminal epitope
specific antibodies Syn 505 and SNL-4, is regularly distrib-
uted along the length of the fibril for all of the-syn proteins
(Figure 5A-D). However, the immunostaining of the central

2200

ANS

75
50

(]

® Fulldength 1120 1-130 region of a-syn mapping to 4357 (Syn 43-57) (Figure
B 250- 5F) and 75-91 (NAC) (Figure 5H) was reduced for full-
o8] Eﬂﬁ?%lgm:ﬁs length a-syn, suggesting some degree of epitope masking
W48 Hours or sequestration within the-syn fibril. Deletion within the
200 NAC region of a-syn, in 1-89, appeared to increase
175 exposure of the NAC epitope (Figure 5G) but not that of
150. Syn 43-57 (Figure 5E). Finally, the carboxy-terminal regions

T of a-syn such as 89110 (detected by Syn 204) and 104
119 (detected by SNL1) were exposed (Figurelsland L,
respectively) with no immunostaining ofsyn fibrils upon
omission of the primary antibody (Figure 5M). Thus, there
is some sequestering of the central region within the fibril,
as evidenced by protease K digestion, and this region
becomes more exposed upon partial deletion of the NAC.
Co-Assembly of Full-Length and TruncateeSyn.Since
there were reduced epitope exposures of the carboxy and
predominantly the NAC regions, the truncations may have

- -
=20 ]

25

ANS
Relative Fluorescence (Arbitrary Units)

C E::gth a R 383 8 differing effects in seeding unaggregated full-lengtsyn.
18- s e For these experiments;syn protein at a total concentration
.- co o B NAC of 200uM were incubated under assembly conditions for 1
day shaking at 37C. Under these conditions, full-length
o-syn and +130 incubated alone were predominantly
8- - . 43.57 unassembled (Figure 6C). Thus, seeding by the unaggregated
6 - anpsh truncations on full-length-syn could be easily observed.
;igemd The truncations 489 through 120 alone were able to
aggregate at 20@M after 1 day shaking at 37C (Figure

FiGcure 4: Complete NAC region (6195) of a-syn involved in 6A,C). For seeding of the full-lengift-syn, molar ratios of
ANS fluorescence and proteinase K resistance. ANS fluorescenceD:1, 1:1, and 1.5 for unaggregated, truncatesyn to full-

of a-syn proteins aggregated under assembly conditions for 0, 24, lengtha-syn were used (total protein concentration 204).

and 48 h at 35(&:M (A) or 100 uM (B) was measured using 8.75  1—120 was unable to seed at any concentration (Figure 6A)

uM a-syn.n = 4, error bars= sem. Western analysis of 30 min ; S e o 1001
proteinase K digestion of full-length and truncateesyns after consistent with its inability to aggregate at after 24

aggregation for 48 h and full-length undigesteesyn control, h (Figure 1B,D). By contrasty-syn 1-89 through +110
blotted with affinity purified NAC (75-91 epitope) and 4357 were seeding competent, leading to greater turbidity (Figure
a-syn polyclonal antibodies at 1:500 dilution (C). 6A) as well as an increase in the amount of full-lengthyn

in the pelleted fraction (Figure 6C). However:-89 was
increased binding at 24 h but then decreasing at 48 h (Figureless efficient in seeding than-1.02 and +110 since these
4B), which may be due to rearrangement of the fibrils over |ongera-syn truncated proteins were capable of seeding at
time resulting in less hydrophobic exposure. Notably, with all concentrations tested (i.e., 150, 100, ang:B0) thereby
deletion into the NAC region ak-syn, there was a reduction  implicating the complete NAC region ie-syn aggregation
in solvent-exposed, hydrophobic ANS binding patches, (Figure 6A,C). These results indicate that the carboxyl region

especially for aggregated-B9 (Figure 4B). reduces the aggregation propensity, in which the region
Protease K digestion of fibrillaoi-syn proteins (from between 102 and 120 appears to be most important.
1-102 through to full-lengtt-syn) resulted in the genera- Mutation of Carboxy-Terminal Charged Residues in

tion of similar molecular weight protease resistant fragments a-Syn.Some notable features of thesyn sequence between
(Figure 4C). These fragments were mapped to the 983 residues 100 and 120°{GKNEEGAPQE! GILED-
amino acid region oft-syn using epitope specific antibodies MPVDP!?9) are several prolines (residues P108, P117, and
(Figure 4C). Interestinglya-syn 1-89, which showed little ~ P120) as well as two pairs of negatively charged amino acids
ANS binding (Figure 4B), also showed little protease (residues E104/E105 and E114/D115). Since a lowered pH
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FicurRe 5: Central epitopes af-syn proteins are masked by immunoelectron microscopy. After incubation in 100 mM sodium acetate, pH
7.5, for 48 h, samples af-syn proteins were applied onto copper carbon coated grids and visualized by negative staining transmission EM
with 1% aqueous uranyl acetate. The primary antibodies were used at 1:200 and the secondary 5 nm colloidal gold conjugated antibody at
1:20 dilutions. Antibody Syn 505 (epitope-22) was used ow-syn 1-89 (A) and 110 (B). SNL-4 (with the same epitope-22) is

shown with proteins £120 (C) and full-lengtho-syn (D). Syn 43-57 and NAC (epitope 7591) immunolabeling are shown for the
representative proteins—B9 (E and G) and full-lengtle-syn (F and H), respectively. Syn 204 (epitope-840) immunolabeling for

1-110, 1-120, and full-length are demonstrated in panels I, J, and K, while SNL1 (epitopell® for full-length is demonstrated in

panel L. Full-lengtha-syn is shown with the control secondary antibody alone in (M). Magnification 126 GO@ scale ba+= 100 nm.

resulted in increased-syn aggregation1®, 29), charged ThioT has been used to measysheet structure, but not
amino acids and not prolines are more likely to be responsibleall 5-sheet fibrils stain with ThioT. In our study, ThioT binds
for mediating this effect. Thus, pairs of negatively charged very poorly to fibrillar -89, 1-102, and +110 a-syn
amino acids E104, E105 and E114, D115 were mutated toprotein similar to other polypeptides such as polgérine)
alanines in the £120 o-syn protein. While +120 was or poly(L-lysine) @5) and truncated forms of amylird,
unable to aggregate at 100M, mutating the residues  46). For a-syn, this reduced ThioT binding may be due to
E104A—E105A and E114A-D115A enabled aggregation at  clumping of fibrils obscuring the ThioT binding sites, a
this concentration (data not shown). Significantly, mutations mechanism similar to those previously reportdd)( Also,

of these pairs of charges also rendered the proteins seedingince there is a pH dependence of ThioT binding to amyloid

permissive (Figure 6B,D). (45, 48, 49), this suggests that the interaction may be
electrostatic. Thus, the removal of the negatively charged,
DISCUSSION carboxy-terminal ofo-syn may reduce its interaction with

the positively charged ThioT. This problem was overcome
when we used K114, a fluorescent congener of Congo red,
X-34, and BSB 43, 44). Our recent studies suggest that K114

Utilizing several different complementary assays and a
variety of wild-type and mutant or truncategsyn constructs,
we have dissected out the relative contributory role of the _ . o
central NAC and carboxy regions afsyn in fibril formation. provides a more quantitative measuremenf-sheet fibrils
Specifically, we confirm and extend earlier data showing that formed fromo.-syn, tau, and the amyloif-peptide 69).
the NAC region forms the hydrophobic, protease resistant Finally, CD and FTIR are particularly robust methods of
core of a-syn fibrils and show for the first time that the ~aSS&ying secondary structure, with EM of the aggregates
carboxy-terminus ofi-syn and negative charges within this P€ing most definitive for the presence of fibrils.
domain exert countervailing influences arsyn fibrillization The physical assays, turbidity measurements, and sedi-
at the initial steps of polymerization and seeding. mentation experiments indicated that the carboxy-terminal

Comparison of the different techniques used for assaying truncateda-syn species aggregated more rapidly, and at
fibril formation highlighted the drawbacks of some of the lower concentrations, than full-lengtitsyn. To understand
techniques, of which a few will be discussed. Centrifugal the reasons for this, we characterized the secondary structure
sedimentation rather than turbidity was more accurate in and ultrastructure of full-length and truncatedyn. Notably,
determining aggregation, especially at lowesyn concen-  all of the proteins analyzed here, including-89 formed
trations. Turbidity, while a rapid nondestructive technique, B-sheet structures upon aggregation. Similar structural
is affected by factors such as fibril widths/clumping and changes between unaggregaté8, (50) and aggregated
sedimentation of the fibrils. Because both of these techniquesa-syns were observed in the circular dichroism obtained here
cannot differentiate between amorphous aggregates andas previously published reports for-87, 1—120 truncations,
fibrils, other methods such as CD, FTIR,/&sheet binding and full-lengtha-syns @8), but ATR-FTIR detected both
dyes that determing-sheet secondary structure or EM that non$-sheet ang3-sheet structures in aggregated samples,
detect fibril morphology are required to document the and it did so with much smaller samples than circular
presence ofx-syn amyloid fibrils. However, caution must dichroism (5 vs 15@«g). Since +89 is competent for fibril
be exercised in interpreting some of the data. For example,formation, this indicates that NAC and the amino-terminal
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FiGure 6: Co-assembly of full-lengtlr-syn with carboxy-terminal truncated protein. Tdesyn truncations and additional point mutations
in 1—-120 (E104A-E105A and E114AD115A) were incubated alone or with truncated and full-lengitbyn proteins at ratios of 5:1, 1:1,
or 1:5, respectively (20@M total), aggregated for 24 h in 100 mM sodium acetate, pH 7.5. Aggregation was analyzed by turbidity (A and

B) and centrifugal sedimentation (C and D). Arrows indicate full-

represent supernatants and pellets, respectively.

region but not the carboxy-terminus afsyn are required
for fibril formation. This observation is consistent with the
amino-terminal A53T mutant aggregating more rapidlg, (
26, 36) as well as a recent study involving amino terminal
repeat deletions39) and the NAC region being essential
for polymerization 23).

Since the truncated speciesofyn appeared shorter and
bundled laterally, as noted previousl28], reductions in
fibrils widths, along with the immuno-EM data, suggest that
the carboxy-terminus ofi-syn is peripheral to the-syn
fibril. However, we noted that the fiber widths did not track

length protein, and square brackets depict truncated proteins. S and P

the NAC is buried within fibrils and that the carboxy- and
amino-termini are exposed and the NAC region (i.e., amino
acids 75-91) is sequestered within tlesyn fibril where it
may be involved in forming the fibril core. This is supported
by the fact that disruption of the NAC region reduced ANS
binding and abolished proteinase K protection as well as data
from other recent studies where antibody binding to the NAC
increased after protease digesti@i)(

From the seeding experiments, regions modulating ag-
gregation were identified, including the NAC region and
negatively charged carboxy-terminus@fsyn. The hydro-

precisely with the extent of truncation, and specific residues phobic NAC region has previously been implicatedsyn

may play a role in this packing mechanism sine€l20 with
a terminal proline is the outlier with a wider diameter than

fibrillization (23, 24, 37, 38), and the NAC region appears
to be essential for seeding based on our studies of deletions

the other truncation mutants. Reductions of widths were alsowithin the NAC region that reduced the seeding ability of
noted upon proteinase K removal of the amino and carboxyl the 1-89 a-syn species. In contrast, the carboxy-terminus

regions B1). Epitope mapping of the fibrils indicated that

of a-syn appears to be partially inhibitory ¢osyn aggrega-
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