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ABSTRACT: R-Synuclein is the major component of pathological inclusions characteristic of diseases like
Parkinson’s disease, dementia with Lewy bodies, and multiple-system atrophy. A role for R-synuclein in
neurodegenerative diseases is further supported by point mutations and duplication and triplication of the
R-synuclein gene (SNCA) that are causative of these disorders. The middle hydrophobic region of the
R-synuclein protein, also termed the “non-Aβ component of Alzheimer’s disease amyloid plaque (NAC)”
domain, is required for R-synuclein to polymerize into amyloid filaments, which are the major components
of R-synuclein pathological inclusions. In this study, we assessed the importance of specific stretches of
hydrophobic residues in driving the intrinsic ability ofR-synuclein to polymerize. Several small deletions, even
one with as few as two amino acid residues (A76 and V77), dramatically impaired the ability of R-synuclein
to polymerize into mature amyloidogenic fibrils, and instead, it preferentially formed oligomers. However,
this inhibition of filament assembly was clearly dependent on the spatial context, since similar and larger
hydrophobic deletions in other parts of the NAC domain reduced only the rate of fibril formation,
without abrogating filament assembly. Further, mutation of residue E83 to an A rescued the ability of
mutantΔ76-77R-synuclein to polymerize. These findings support the notion that while both the location and
hydrophobicity of protein segments are important elements that affect the propensity to form amyloid fibrils,
the intrinsic ability of a polypeptide to fold structurally into amyloid is also critical.

Synucleopathies make up a group of neurodegenerative dis-
orders sharing in common the presence of intracellular inclusions
comprised predominantly of R-synuclein (R-syn)1 amyloidogenic
fibrils (1, 2). These neuronal R-syn inclusions, termed Lewy
bodies and Lewy neurites, comprise one of the defining char-
acteristics of Parkinson’s disease (PD) and dementia with Lewy
bodies (DLB) (1-4). Similarly, R-syn inclusions in oligodendro-
cytes are a hallmark of multiple-system atrophy (5, 6). Further-
more, the presence of brain R-syn inclusions is associated with
many other neurodegenerative diseases, including pure auto-
nomic failure, neurodegeneration with brain iron accumulation
type 1 (NBIA-1), Down’s syndrome, and familial and sporadic
Alzheimer’s disease (1, 2).

R-Syn is a highly soluble heat-stable and “natively unfolded”
protein (7), predominantly expressed in central nervous system
(CNS) neurons, where it is localized in the proximity of vesicles
within presynaptic terminals (1, 8, 9). R-Syn is a small
140-amino acid protein characterized by an amino-terminal region
containing several imperfect KTKEGV repeats, a hydrophobic
center domain, and a highly negatively charged carboxy-terminal

region (1) (see Figure 1A). Although the function of R-syn is still
poorly understood, several studies suggest its involvement inmodu-
lating synaptic transmission, the density of synaptic vesicles, neu-
ronal plasticity, vesicle recycling, and synaptic integrity (1, 9-12).

Disease-causing alterations in the R-syn gene (SNCA) provide
direct evidence of a fundamental role ofR-syn in the pathogenesis
of R-synucleopathies. Genetic studies have identified three auto-
somal dominantmissense mutations (A30P, E46K, andA53T) in
R-syn that are causative of PD and/or DLB (13-15). In addition,
short chromosomal duplications or trisomies containing the
SNCA gene, and relatively short flanking regions on chromo-
some 4, were discovered in patients with PD or DLB (16, 17),
indicating that a 50% increase in the level of expression of R-syn
is sufficient to cause disease.

In vitro studies have shown that recombinant soluble R-syn
can readily polymerize into amyloidogenic fibrils that are struc-
turally similar to those observed in human brains (18-21). A53T
and E46K R-syn exhibit an increased rate of self-assembly and
fibril formation (18, 22-27), suggesting that these mutants could
be pathogenic because they promote inclusion formation (28).
Several studies indicate that the polymerization of R-syn pro-
gresses from unordered monomers to partially folded intermedi-
ates that assemble into oligomers or protofibrils and finally
elongate into “mature” amyloid filaments (29, 30). This conver-
sion of R-syn frommonomer to amyloid fibrils is associated with
a dramatic conformational change from random coil to predo-
minantly β-pleated sheet (21, 30, 31). Although many studies
support the notion that the formation of mature fibrillar R-syn
inclusions is pathological (28, 32, 33), some evidence also
indicates that certain types of intermediate species such as
protofibrils may have toxic properties (33-35).

Limited proteolysis experiments (21, 36), EPR spectroscopy
measurements (37, 38), and hydrogen-deuterium exchange
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experiments (39, 40) show that residues ∼30-110 are buried
within the core of R-syn fibrils, suggesting that these residues are
important for polymerization. Consistent with these findings,
deletion of amino acid residues 71-82 within the hydrophobic
region abrogated the ability of human R-syn to fibrillize (21). In
this study, we sought to further assess the importance of specific
stretches of residues in themiddle hydrophobic region ofR-syn in
driving its polymerization into fibrils.

MATERIALS AND METHODS

Expression and Purification of R-Syn. The human R-syn
cDNA was cloned into the NdeI and HindIII restriction sites of
bacterial expression vector pRK172. The cDNAs encoding the
mutant A76P, A76G, A76V, and A85P R-syn proteins in the
same vector were engineered by creating the corresponding
nucleotide substitutions in the wild-type cDNA using comple-
mentary sets of synthetic single-stranded DNA containing the
mutant sequence and the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA). Plasmids expressing R-syn with
A76, V77, or A78 deleted were generated by using the Quik-
Change site-directed mutagenesis kit and oligonucleotides lack-
ing these specific codons. The 1-110 R-syn was created with the
addition of a premature stop codon using QuickChange site-
directed mutagenesis (41). The deletion of the nucleotide se-
quence encoding residues 71-82, 74-82, 74-79, 76 and 77,
67-71, 69 and 70, and 85-94 in R-syn cDNA was created using
the Exsite PCR site-directed mutagenesis kit (Stratagene) and
oligonucleotides that specifically bind to the DNA sequence
adjacent to the targeted deleted sequence. Deletion of the nu-
cleotide sequence encoding residues 73-83 was achieved by small
modifications to the sequence with deletions in residues 71-82,
using oligonucleotides which added two amino acids and re-
moved one amino acid by QuickChange site-directed mutagen-
esis. The Δ76-77 R-syn construct with mutation Q79A or E83A
was created with oligonucleotides corresponding to the amino
acid substitutions byQuickChange site-directed mutagenesis. All
mutations were confirmed by DNA sequencing.

R-Syn proteins were expressed in Escherichia coli BL21(DE3)
and purified as previously described (21, 26). Briefly, bacterial

pellets harvested by centrifugation were resuspended in high-salt
buffer [0.75 M NaCl, 50 mM Tris (pH 7.4), and 1 mM EDTA]
containing a cocktail of protease inhibitors, heated to 100 �C for
10 min, and centrifuged at 70000g for 30 min. R-Syn proteins
were purified by size exclusion chromatography followed by ion
exchange chromatography. Supernatants were dialyzed into
100 mM NaCl and 20 mM Tris (pH 7.5) and applied to a
Superdex 200 gel filtration column (GE Healthcare, Piscataway,
NJ) and separated by size exclusion chromatography. The
fractions were assayed for the presence of the R-syn proteins by
SDS-polyacrylamide gel electrophoresis (PAGE) followed by
Coomassie Blue R-250 staining. All R-syn proteins [except for
1-110 R-syn (see below)] were concentrated using Centriprep-10
units (Millipore Corp., Bedford, MA), dialyzed against 10 mM
Tris (pH 7.5), applied to aMonoQ column (GEHealthcare), and
eluted with a 0 to 0.5 M NaCl gradient. For 1-110 R-syn, the
fractions isolated by gel filtration were dialyzed against 25 mM
2-(morpholino)ethanesulfonic acid (pH 6.25), applied to aMono
S column (GE Healthcare), and eluted with a 0 to 0.5 M NaCl
gradient. Protein concentrations were determined using the
bicinchoninic acid protein assay (Pierce, Rockford, IL) with
bovine serum albumin as a standard.
Filament Assembly and Centrifugal Sedimentation.

R-Syn proteins were assembled into filaments by incubation at
37 �C in 100 mM sodium acetate (pH 7.4) with continuous
shaking. A fraction of each sample was set aside for K114
fluorometry and electron microscopic (EM) analysis. The re-
mainder of each sample was centrifuged at 100000g for 20 min.
SDS sample buffer [10 mM Tris (pH 6.8), 1 mM EDTA, 40 mM
DTT, 1% SDS, and 10% sucrose] was added to pellets and
supernatants, which were heated to 100 �C for 15 min. Equal
volumes of R-syn proteins in the supernatants and pellets were
separated by SDS-PAGE and were quantified by densitometry
of Coomassie Blue R-250-stained gels.
K114 Fluorometry. R-Syn fibrils are amyloidogenic (30), and

their formation can be quantified using the fluorescent amyloid
binding dye K114 (42). This dye, derived from the structure
of Congo Red, is soluble in aqueous buffers, and it demon-
strates a tremendous increase in fluorescence upon binding to

FIGURE 1: Studies of the effects of short deletions and P point mutations in the middle region of R-syn on polymerization. (A) Schematic of the
structure of R-syn depicting the six imperfect “KTKEGV” repeats (black boxes), the three point mutations that cause disease (A30P, E46K, and
A53T), and an expanded view of the amino acid sequence in the middle hydrophobic region. (B) Representative Coomassie Blue R-250-stained
SDS-polyacrylamide gels showing the sedimentation state of WT R-syn or altered R-syn proteins (Δ71-82, Δ74-82, Δ74-79, Δ76-77, A76P,
Δ85-94, and A85P) in supernatant (S) or pellet (P) after assembly incubation for nine days at 5 mg/mL. (C) Quantitative analysis of the
polymerization of indicated R-syn proteins assayed by sedimentation after incubation for 0, 2, 4, and 9 days under assembly conditions, as
described in Materials and Methods. (D) K114 fluorometry assessing the formation of amyloid from R-syn after incubation under assembly
conditions as indicated. All proteins were incubated at 5 mg/mL. Data represent the average ( SD (n= 6) for all data sets.
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amyloidogenic fibrils (42). We performed this assay, as previously
described (42), by incubating a fraction of each sample with K114
(50μM) in100mMglycine (pH8.5) andmeasuring the fluorescence
(λex=380nm,λem=550nm, cutoff=530nm)withaSpectraMax
Gemini fluorometer and SoftMax Pro version 4.0.
Negative Staining EM. Assembled R-syn filaments were

absorbed onto 300 mesh carbon-coated copper grids, stained
with 1% uranyl acetate, and visualized with a JEOL (Peabody,
MA) 1010 transmission electron microscope. Images were cap-
turedwith aHamamatsu (Bridgewater,MA) digital camera using
AMT (Danvers, MA) software. For the determination of dia-
meters, the width of 100-120 filaments was measured using
Image-Pro Plus (Media Cybernetics, Del Mar, CA).
Immuno-EM Analysis. Samples were applied to 300 mesh

carbon-coated copper grids, and after being rinsed with PBS, the
grids were blocked with 1% BSA for 30 min. Mouse monoclonal
anti-R-synSyn214,which reactswithC-terminal residues 130-140
in R-syn (43), was diluted in a PBS/1% BSA mixture and applied
to the grids for 30 min. Following extensive washes, a goat anti-
mouse antibody conjugated to 6 nm colloidal gold (Electron
Microscopy Sciences, Hatfield, PA) diluted in a PBS/1% BSA
mixturewas applied to the grids for 30min. Followingwasheswith
PBS, the samples were stained with 1% uranyl acetate.

RESULTS

It was previously demonstrated that the deletion of residues
71-82 in R-syn impairs the ability of this protein to polymerize
into amyloid fibrils (21). To improve our understanding of the
molecular requirements of hydrophobic residues in fibril forma-
tion, we generated and characterized R-syn with several smaller
deletions between amino acids 71 and 82 or with deletions in
adjacent hydrophobic stretches (67GGAVV71 or 85AGSIAAAT-
GF94). As previously reported, deletion of residues 71-82
impaired the polymerization of R-syn into amyloid fibrils as
assayed by sedimentation analysis and K114 fluorometry
(Figure 1B-D). Electron microscopy (EM) analysis demon-

strated that unlike wild-type (WT) R-syn that can readily form
smooth negatively stained fibrils (width of 10.7( 2.0 nm) within
2 days,Δ71-82 R-syn predominantly formed 19.4( 3.2 nmwide
spherical oligomers that accumulate over 9 days (Figure 2A,B).
Smaller deletions (Δ74-82 and Δ74-79) in this region also
impaired the ability of R-syn to assemble into amyloidogenic
polymers as assayed by sedimentation and K114 fluorometry
(Figure 1B-D), while EM analysis demonstrated the formation
of spherical oligomers 18 ( 3.2 and 15.6 ( 3.5 nm in width,
respectively (data not shown and Figure 2C), and a paucity of
fibrils. Even the deletion of only two amino acid residues, 76AV77

(Δ76-77), dramatically impaired the polymerization of R-syn
into amyloid fibrils (Figure 1C,D). Sedimentation analysis
showed that this mutant was impaired in its ability to form large
polymers, and K114 fluorometry demonstrated a small but
consistent increase in signal after incubation for as few as 2 days.
EM analysis revealed abundant 16.6 ( 3.4 nm spherical oligo-
mers with Δ76-77 R-syn (Figure 2D,E). Nevertheless, these
Δ76-77 R-syn oligomers appeared to frequently coalesce
(Figure 2D), sometimes forming clusters with a fibrillar-like
appearance after 9 days (Figure 2E). However, these clusters of
Δ76-77 R-syn protein never form the smooth, elongated fibrils,
which are observed with WT R-syn (Figure 2E, inset). The
substitution of A76 for a P residue, an amino acid residue that
strongly prevents formation of β-pleated sheet structure (44, 45),
reduced the propensity of R-syn to polymerize (Figure 1B-D).
However, EM analysis showed that this mutant (A76P) could
polymerize into 12.9 ( 2.4 nm wide amyloid fibrils (Figure 2F).

Previous studies showed that the substitution of residue A76
with a charged residue (R or E) delayed fibril formation (21). To
further define the preferences of this residue, A76 was mutated to
a less hydrophobic but nonpolar residue (G) or a more hydro-
phobic residue (V).Neithermutation significantly altered the rate
of fibril formation (Figure 3A,B). By EM analysis, the A76G
mutation created 12.0 ( 2.6 nm fibrils with a slightly altered
morphology with fibrils that appear more directional than WT

FIGURE 2: EM analysis of the assembly of R-syn proteins. Representative images of negative staining electron microscopy of R-syn proteins
incubated at a concentration of 5 mg/mL under sedimentation conditions. The following proteins and time points were visualized: (A)WTR-syn
for 2 days, (B)Δ71-82 for 9 days, (C)Δ74-79 for 9 days, (D)Δ76-77 for 4 days, (E)Δ76-77 for 9 days, and (F)A76P for 9 days. The scale bar is
100 nm. For the insets of panel D and E, scale bar is 50 nm.
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R-syn (Figure 3C), and the A76Vmutation created fibrils similar
to WT R-syn [width of 10.8 ( 1.7 nm (Figure 3D)].

On the more C-terminal end of the hydrophobic domain,
deletion of residues 85-94 (Δ85-94) or the substitution of P for
A at position 85 (A85P) reduced the propensity of R-syn to form
amyloidogenic fibrils as noted by sedimentation and K114
fluorometry (Figure 1B-D). Interestingly, the ultrastructure
of the fibrils formed by Δ85-94 or A85P was different from that
of typical WT R-syn fibrils (Figure 4A,B). Instead of a smooth
profile, these fibrils appeared to have significant protrusions.

Deletion of hydrophobic residues 67GGAVV71 (Δ67-71) also
significantly reduced the ability of R-syn to form amyloidogenic
fibrils (Figure 5A,B). Albeit not frequent, clusters of Δ67-71 R-
syn fibrils (width of 14.5 ( 3.0 nm) with typical negative stained
smooth profiles were observed by EMafter incubation for 9 days
(Figure 4C). Deletion of residues 69AV70 (Δ69-70) also reduced
the rate of amyloidogenic fibril formation, but to a much lesser
degree than the Δ67-71 deletion, forming 13.2 ( 3.0 nm fibrils
(Figures 4D and 5A,B). The deletion of these two hydrophobic
residues, 69AV70, did not have the same drastic effect as deleting
resides 76 and 77.

To further investigate the effect of the 76AV77 deletion mutant,
we generated single-amino acid deletion mutations A76 (Δ76),
V77 (Δ77), and A78 (Δ78) to examine if a particular single
residue was responsible for this dramatic inhibition of amyloido-
genic fibrils. Δ78 R-syn was generated, since the 76AV77 deletion
mutant results in a single A residue between positions 75 and 79.
Deletion of 76AV77 is equivalent to 77VA78; therefore, the deletion
of each of the three amino acids was important to investigate.
However, none of these three single-deletion mutations signifi-
cantly affected the ability of R-syn to polymerize into amyloid
fibrils [Figures 4E,F and 5C,D; EM for Δ78 (data not shown)].

It was previously reported that WT R-syn assembly does not
promote the formation of Δ71-82 R-syn fibrils when co-incu-
bated (21). To determine if R-syn has the ability to stimulate
assembly of the other fibrillization-incompetent R-syn mutants,
we co-incubated the deletion mutants with an assembly-compe-
tent R-syn protein. To differentially resolve deletion mutants
from fibril-competent R-syn by SDS-PAGE, we utilized C-
terminally truncated R-syn 1-110, which is efficient in inducing
WT R-syn amyloid formation (41). The 1-110 R-syn was co-
incubated withΔ71-82,Δ74-82,Δ74-79,Δ76-77, orΔ67-71
R-syn. While Δ71-82 exhibited only a slight increase in the
amount of sedimented protein (above that of incubation on its
own), significant increases in the amount of sedimentation were
observed with all of the other R-syn deletion mutants, such that
between 35 and 60% of these proteins were sedimented
(Figure 6A,B). Increases in K114 fluorometry above that of
1-110 R-syn alone supported an increase in amyloid formation
of R-syn deletion mutants Δ74-82, Δ74-79, Δ76-77, and
Δ67-71 when co-incubated with 1-110 R-syn (Figure 6C).

Immuno-EM analysis was performed to assess the presence
and structure of the deletion mutants when incubated in the
presence of 1-110 R-syn. Immunolabeling was performed with
an antibody (Syn214) specific to the extreme C-terminus of

FIGURE 3: Assembly of R-syn protein with an A76G or A76V
mutation. (A) Quantitative sedimentation analysis and (B) K114
fluorometry of WT R-syn versus that with the A76G or A76V
mutation after 0, 2, 4, and 9 days at 5 mg/mL. Data represent
averages( SD for four independent experiments. (C and D) Repre-
sentative images of negative staining electron microscopy of R-syn
with A76G (C) and A76V (D) mutations. The scale bar is 100 nm.

FIGURE 4: EManalysis of the assembly of additionalR-synmutants.
Representative images of negative staining electron microscopy of
R-syn proteins incubated at a concentration of 5 mg/mL under
sedimentation conditions. The following proteins and time points
were visualized: (A) Δ85-94 for 9 days, (B) A85P for 9 days, (C)
Δ67-71 for 9 days, (D) Δ69-70 for 9 days, (E) Δ76 for 2 days, and
(F) Δ77 for 2 days. The scale bar is 100 nm.
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R-syn, so that the labeling would reveal only proteins with
deletions in the hydrophobic region, rather than 1-110 R-syn.
Fibrils labeled with antibodies were decorated with 6 nm gold
particles, but theirmorphologies were also less distinct because of
the binding of antibodies to the fibrils. Samples assembled from
only 1-110 R-syn revealed abundant fibrils, but no labeling with
gold particles (Figure 7A). In comparison, 1-110 R-syn samples
assembled in the presence Δ71-82 R-syn demonstrated scant
labeling of fibrils (Figure 7B), suggesting that possibly small
levels of Δ71-82 protein were incorporated. Fibrils observed
from samples with Δ74-82 R-syn, Δ74-79 R-syn, Δ76-77 R-
syn, or Δ67-71 R-syn co-incubated with 1-110 R-syn demon-
strated abundant immuno-gold labeling (Figure 7C-F), indicat-
ing that these proteins co-assembled with 1-110 R-syn.

Δ76-77 R-syn cannot form smooth elongated amyloidogenic
fibrils on its own but can be partially incorporated into 1-110 R-
syn fibrils. One possible explanation for these results is that
Δ76-77 R-syn is deficient in nucleation. We therefore tested the
ability of Δ76-77 R-syn to polymerize in the presence of WT
R-syn seeds. WT R-syn protein was partially fibrillized at 5 mg/
mL for 24 h, then removed, and incubated at a concentration of
0.5 mg/mL with Δ76-77 R-syn at 5 mg/mL. After 9 days, only
27( 5% (SD) (n=6) of a combination ofΔ76-77R-syn and the
WT seeds sedimented versus 63( 19% (SD) of WT R-syn alone
(Figure 6D). The analysis of Δ76-77 with the WT seed was
accompanied by an increase in K114 fluorometry by 484 ( 187
(SD) arbitrary fluorescence units (above that of Δ76-77 R-syn
alone), versus 174 ( 49 (SD) arbitrary fluorescence units of the
WT seed alone. The only modest sedimentation and incorpora-
tion ofΔ76-77 R-syn, even in the presence of a seed, suggest that
Δ76-77 R-syn is fundamentally impaired in its ability to poly-
merize into mature amyloidogenic fibrils, but as the data with
1-110 R-syn show, it can still be partially incorporated when
incubated with an assembly-competent protein.

R-Syn with a deletion of amino acids 73-83 (Δ73-83) is
capable of fibril formation (46), even though this alteration
removes residues 76 and 77. We examined the ability of
Δ73-83 R-syn to polymerize under our conditions and, as in
previous reports (46), found this protein competent in fibril
formation, creating fibrils of 7.7 ( 1.5 nm after incubation for
4 days [Figure 8A,B; EM (data not shown)]. We hypothesized
that either residue Q79 (large, polar) or E83 (charged) may be

preventing the polymerization of Δ76-77 R-syn, since both of
these residues are absent in the Δ73-83 protein. R-Syn was
created with amino acids 76 and 77 deleted and either Q79 or E83
mutated to an A (Δ76-77/Q79A or Δ76-77/E83A, re-
spectively). Approximately 20% (n = 21) of Δ76-77/Q79A
samples displayed increases in the level of sedimentation and
K114 fluorometry, but only after incubation for 9 days
(Figure 8A,B), and Δ76-77/E83A R-syn was capable of polym-
erization after incubation for 4 days (Figure 8A,B). EM studies
showed that Δ76-77/Q79A R-syn formed oligomers, similar
to that observed with Δ76-77 R-syn, and in some samples
incubated for 9 days, occasional smooth fibrils (width of 12.2 (
2.9 nm) were observed (Figure 8C). By EM,Δ76-77/E83AR-syn
was observed to form abundant smooth fibrils (width of 9.3 (
2.4 nm) after incubation for 4 days, but these fibrils had a
tendency to “clump”, creating fibrils shorter than those normally
observed with WT R-syn (Figure 8D). These data demonstrate
that the presence of the negatively charged E83 residue con-
tributes to the inability of Δ76-77 R-syn to polymerize into
mature amyloid fibrils.

DISCUSSION

The primary amino acid sequences of polypeptides that
are compatible with amyloid formation can demonstrate con-
siderable variability and flexibility, yet several basic intrinsic
properties such as conformational preferences, solubility, charge
state, and the ability to pack into a fibrillar structure are
important in influencing this process (47-50). This study
aimed to characterize the amino acid requirements for R-syn
fibril formation, focusing on deletions in key hydrophobic
regions and providing a more exhaustive assessment of the
role that these amino acid segments have in driving R-syn
amyloid formation.

Our previous work demonstrated that deletion of residues
71-82 within the hydrophobic core of R-syn abrogated the
ability of this protein to form amyloid fibrils (21). To further
narrow the range of amino acids within this region that affect the
ability of R-syn to form amyloid fibrils, shorter deletion muta-
tions (Δ74-82, Δ74-79, and Δ76-77) were generated. All these
deletion mutants impaired the ability of R-syn to form typical
∼10 nm wide unbranched amyloid fibrils as observed with WT
R-syn. Instead, these mutants demonstrated a propensity to form

FIGURE 5: Analysis of the polymerization ofR-syn deletionmutants. (A) Quantitative sedimentation analysis and (B)K114 fluorometry ofR-syn
deletion mutants Δ67-71 and Δ69-70 after 0, 2, 4, and 9 days under assembly conditions at 5 mg/mL. (C) Quantitative sedimentation analysis
and (D) K114 fluorometry of R-syn with single-amino acid deletions Δ76, Δ77, and Δ78 after 2 days under assembly conditions at 5 mg/mL.
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spherical oligomers that have diameters (16-20 nm) larger than
those of typical mature fibrils (∼10 nm). Typical “on filament
pathway” oligomers/protofibrils are ∼4-5 nm in size (30, 51).
Therefore, the oligomers generated by these deletion mutants are
suggestive of “off pathway” oligomers.

Interestingly, the oligomers formed by deletions within the
region of residues 71-82 are reminiscent in size of the spherical
oligomers generated when R-syn fibril formation is inhibited by
treatment with dopamine, baicalein, or EGCG (52-54) or to a
small subpopulation of oligomers that form when R-syn is
incubated under certain aqueous conditions (55, 56). The inhibi-
tion of R-syn fibril formation by dopamine is due to the
formation of dopamine-oxidized byproducts, which interact
noncovalently to induce conformational changes in R-syn and
form species that are unable to assemble into mature fibrils (54).
It is possible that the deletion mutant proteinsΔ71-82,Δ74-82,
Δ74-79, and Δ76-77 R-syn form similar conformations or that
they are fundamentally incompetent on their own to form the
tertiary structures compatible with amyloid formation. Unlike
the R-syn oligomers that are generated by dopamine treatment
and that can become amyloid-compatible by denaturation and
renaturation (54), mutants Δ71-82, Δ74-82, Δ74-79, and
Δ76-77 R-syn intrinsically form these oligomers.

Nevertheless, co-assembly conditions with 1-110 R-syn pro-
moted the partial copolymerization of Δ74-82, Δ74-79, and
Δ76-77 R-syn. While small amounts of fibril immunolabeling
with antibody Syn214 (specific for the C-terminus of R-syn) were
observed following co-incubation of 1-110 R-syn with Δ71-82
R-syn, we cannot rule out the possibility thatΔ71-82 was simply
nonspecifically sticking to 1-110 R-syn. The much more robust
Syn214 immunolabeling of fibrils obtained during the co-incuba-
tion of deletion mutants Δ74-82, Δ74-79, and Δ76-77 R-syn
with 1-110 R-syn supports that at least some of these proteins
were incorporated within fibrils. The ability of these proteins to
be incorporated within 1-110 R-syn fibrils is further supported
by sedimentation studies and by the increase in K114 fluores-
cence. These data suggest that these deletion proteins are not
completely incapable of amyloid formation, but they require co-
assembly with a more permissive amyloidogenic protein to drive
their polymerization. Additional co-assembly experiments using
seeds comprised of WT R-syn demonstrated that only a small
portion of Δ76-77 R-syn could be induced to fibrillize. These
data indicate that the lack of amyloid formation by Δ76-77 R-
syn is not predominantly due to a deficiency in seeding, and the
inefficiency of filament formation in the presence of WT R-syn
seeds indicates a fundamental deficiency of Δ76-77 R-syn in
elongation of amyloid fibrils. Nevertheless, the small increases in
K114 fluorometry of Δ76-77 R-syn after incubation for 2 days,
on its own, suggest that a small portion of protein is capable of
forming β-sheets, even if the protein cannot extend to form
smooth amyloid fibrils.

Consistent with previous studies (21, 46), we showed that while
Δ71-82 R-syn was deficient in fibril formation, Δ73-83 R-syn
was able to polymerize into mature amyloid, albeit at a rate
slower than that of WT R-syn. These findings are apparently
counterintuitive since both of these deletions remove a similar
region and they both include residues 76 and 77, as well as other
deleted segments (Δ74-79 and Δ74-82) that seem to be neces-
sary for amyloid formation of R-syn. To try to explain these
findings, the bulky, noncharged polar residue (Q79) and
negatively charged residue (E83) in this region were mutated
to A residues within Δ76-77 R-syn. The Q79A amino acid

FIGURE 6: Co-assembly of 1-110 R-syn protein with deletion mu-
tants. (A) Representative Coomassie Blue R-250-stained SDS-
polyacrylamide gels showing the sedimentation state of 1-110
R-syn with Δ71-82, Δ74-82, Δ74-79, Δ76-77, or Δ67-71 in
supernatant (S) or pellet (P) after incubation for 4 days with each
protein at a concentration of 2.5 mg/mL. Arrows indicate the 1-110
R-syn protein. Two independent experiments are represented.
(B) Quantitative sedimentation analysis of R-syn proteins with
deletions in the hydrophobic region and (C) K114 fluorometry of
co-assembly of deletion mutants with 1-110 R-syn at a concentra-
tion of 2.5 mg/mL after 4 days. Data represent averages ( SD
for three independent experiments. (D) Representative Coomassie
Blue R-250-stained SDS-polyacrylamide gel showing sedimen-
tation of Δ76-77 R-syn at 5 mg/mL with or without a seed
of partially fibrillized WT R-syn at 0.5 mg/mL after incubation for
9 days.
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substitution was able to promote the polymerization of Δ76-77
R-syn into amyloid, although inefficiently and only in a subset of
samples. Conversely, the presence of the E83A mutation with
Δ76-77 R-syn was able to sufficiently drive significant amyloid
formation after 4 days of incubation. It was previously shown that
mutating E83 to an A in WT R-syn increases the propensity of
R-syn to form amyloid (26). This E residue may reduce the
extent of amyloid formation due to the size of the residue and its

negative charge as well as its focal inhibition of β-pleated sheet
formation (26, 44, 45). Indeed, modeling studies have suggested “a
possible role of E83 as a gatekeeper residue to reduce the
aggregation propensity” (57). The presence or lack of E83 likely
explains some of the differences between some of the deletion
proteins. Δ73-83 R-syn has a significant ablation of hydrophobic
residues, but this is partially compensated by the removal of E83.
Furthermore, the deletion of residues 73-83 results in a new
hydrophobic stretch from the adjacent upstream and downstream
sequences (67GGAVVT72-84GAGSIAAATGF94). Other deletion
proteins such as Δ74-82, Δ74-79, and Δ76-77 have smaller
deletions of hydrophic residues but still include the E83 residue.
Our data, therefore, suggest that the presence and placement of the
highly charged E83 residue play a large role in the competency of
hydrophobic deletion mutants to polymerize and can explain the
differences in polymerization between the Δ71-82 and Δ73-83
deletion mutants. However, the propensity of Δ73-83 R-syn and
Δ76-77/E83A R-syn to polymerize is significantly reduced when
compared to that of WT R-syn, and Δ76-77/E83A R-syn exhi-
bited altered morphology, as observed by EM. Therefore, the pre-
sence of the E83 residue is not the only determining factor, and
conformational constraints resulting from deletion of particular
hydrophobic residues also contribute to the propensity and ability
of these proteins to polymerize into amyloid.

The substitution of A76 with a P residue, which is a potent
β-pleated sheet inhibitor, did not result in as dramatic of an effect
as that of the deletion of residues 76 and 77. The A76P mutation

reduced the propensity for amyloid formation, similar to the
A76Emutation (21), but it maintained the ability to formmature
fibrils, demonstrating a remarkable flexibility in the structure of

amyloid formation at this position. These findings further suggest
that deletion of residues 76 and 77 likely causes significant

structural constraints that differ from the missense mutations
of the A76 residue, preventing the protein from naturally folding
into amyloid. Further, mutation of A76 to either G or V did not

significantly alter polymerization, suggesting an overall propen-
sity of R-syn to fibrillize despite modifications to this residue.
Nevertheless, the A76G mutation exhibited slight changes to

fibril morphology, appearing more directional than WT R-syn

FIGURE 7: Immuno-EManalysis of coassemblyofR-synwithdeletions in the hydrophobic regionwith 1-110R-syn. Immunolabelingwasperformed
with antibodySyn214,which reactswith the extremeC-terminusofR-syn, followedby immuno-gold labeling. (A) The 1-110R-synprotein assembled
on its own did not exhibit immuno-gold labeling, while (B) Δ71-82, (C) Δ74-81, (D) Δ74-79, (E) Δ76-77, and (F) Δ67-71 presented levels of
immuno-gold labeling consistent with the levels of sedimentation and K114 fluorometry indicated in Figure 6. The scale bar is 100 nm.

FIGURE 8: Study of the assembly of Δ76-77 R-syn with a Q79A or
E83A mutation. (A) Quantitative sedimentation analysis and (B)
K114 fluorometry of WT R-syn vs R-syn with deletion of residues
73-83 (Δ73-83) or deletion of residues 76-77 with a Q79A
(Δ76-77/Q79A) or E83A (Δ76-77/E83A) mutation after incuba-
tion for 0, 2, 4, and 9 days at 5mg/mL.Data represent averages( SD
for four independent experiments. (C and D) Representative images
of negative staining electronmicroscopy ofΔ76-77/Q79A R-syn (C)
and Δ76-77/E83A R-syn (D). The scale bar is 100 nm.
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protein. While the alterations to the structure resulting from this
mutation are currently unknown, these data suggest that a small,
less hydrophobic residue maymodify the packing of R-syn fibrils
during amyloid formation.

Deletions of hydrophobic amino acid stretches flanking the
segment of amino acids 71-82 also reduce the propensity to form
amyloid. Interestingly, deletion of residues 85-94 did not prevent
fibril formation; Δ85-94 R-syn and the A85P mutation resulted
in fibrils with abundant short protrusions rather than the typical
smooth profile. This alteration in ultrastructure may be due to
“stuttering” during polymerization, changes in the packing of the
protein, or a compensatory structure resulting from conforma-
tional constraints.

The deletion of residues 67-71 resulted in a significant
reduction in the extent of amyloid formation, although filament
assembly was not completely abolished. Other studies demon-
strate that the deletion of residues 66-74 completely impairs
amyloid formation, while deletion of residues 71-74 also sig-
nificantly reduces the extent of polymerization, resulting in the
formation of only short fibrils (58). The inability of Δ66-74 R-
syn versus the ability of Δ67-71 R-syn (albeit significantly
reduced) to polymerize may result from the conformational
constraints imposed by the deletion of these particular residues.
Alternatively, the deletion of the four extra hydrophobic residues
inΔ66-74R-synmay pass the threshold required to prevent fibril
formation. However, the variable propensity of R-syn to form
amyloid, depending on residue context and steric conditions, is
further underscored by the ability of R-syn 1-74, where most of
the hydrophobicmiddle region is removed, to still formabundant
amyloid fibrils (58). In our studies, deletion of residues 67-71 or
residues 69 and 70 did not alter fibril morphology or structure as
determined by EM analysis (Figure 4C,D). Quantitative assays
revealed that deletion of residues A69 and V70 resulted in
abundant amyloid fibrils after incubation for 9 days
(Figure 5A,B), while deletion of the same residues in an analo-
gous hydrophobic stretch (A76 and V77) abrogated the forma-
tion of mature amyloid. The dramatic differences in the effects of
deleting these short residues highlight the fact that it is both the
nature of the residues and the spatial context that influence the
process of amyloid formation. Single-residue deletions (Δ76,
Δ77, and Δ78) as well as the A76P mutation did not completely
prevent amyloid formation. This suggests that even within a
spatial context, inhibition of amyloid formation requires altera-
tions to particular or a minimal number of amino acids.

Our data are consistent with solid-state NMR studies and
algorithms predicting β-sheet formation (59-61), which identify
the major extended β-sheet region around residues 69-82. These
predictions are based on an analysis of hydrophobic and charged
residues in the core of the R-syn protein. While these models are
informative, our data suggested considerable flexibility in the
ability of R-syn to form amyloid.

Our studies indicate that not all hydrophobic regions of a
polypeptide are equally important in determining its amyloido-
genic aggregation tendency, despite the ability of very short
specific amino acid stretches to facilitate amyloid fibril forma-
tion (62). Amyloid formation appears to have several influential
factors, including the composition of its residues and the
conformational tendency to pack into amyloid tertiary and
quaternary structures. However, there is also considerable flex-
ibility in this process. While the hydrophobic core of R-syn holds
the key for the ability of this protein to form amyloid, this
study supports the complexity of this statement as demonstrated

by the variability in amyloid formation between particular
amino acid deletions. A better understanding of the basic
molecular requirement and constrains associated with amyloid
formation will provide important insights that may enable the
generation of therapeutic agents capable of preventing the
assembly of amyloid.
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