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ABSTRACT: Intraneuronal deposition ofR-synuclein as fibrils and oxidative stress are both implicated in
the pathogenesis of Parkinson’s disease. We found that the critical rate-limiting step in nucleation of
R-synuclein fibrils under physiological conditions is the oxidative formation and accumulation of a dimeric,
dityrosine cross-linked prenucleus. Dimer formation is accelerated for the pathogenic A30P and A53T
mutantR-synucleins, because of their greater propensity to self-interact, which is reflected in the smaller
values of the osmotic second virial coefficient compared to that of wild-type synuclein. Our finding that
oxidation is an essential step inR-synuclein aggregation supports a mechanism of Parkinson’s disease
pathogenesis in which the separately studied pathogenic factors of oxidative stress andR-synuclein
aggregation converge at the critical step ofR-synuclein dimer formation.

Aggregation ofR-synuclein and its deposition as fibrils
in intracellular inclusions (e.g., Lewy bodies) are implicated
in the pathogenesis of Parkinson’s disease (PD)1 and several
other neurodegenerative diseases, including dementia with
Lewy bodies (DLB), multiple-system atrophy, and the Lewy
body variant of Alzheimer’s disease (1). Two autosomal
dominant mutations inR-synuclein (A53T and A30P) cause
familial, early-onset PD (1-3). In R-synuclein transgenic
mice and fruit flies, accumulation of intraneuronalR-
synuclein deposits is associated with loss of dopaminergic
neurons and with motor impairments (4-7).

Oxidative stress has long been invoked in the pathogenesis
of PD (8). More recently, specific mediation of cellular
damage via oxidation ofR-synuclein has been proposed (9-
12), and nitratedR-synuclein has been found in Lewy bodies
of PD patients and in lesions of several other synucleino-
pathies (11, 12). Furthermore, exposure of neuronal cells,
overexpressing humanR-synucleins, to oxidative conditions
increases their vulnerability to this stress and promotes
aggregation ofR-synucleins (10, 13-15).

In vitro, recombinantR-synucleins form fibrils that are
similar ultrastructurally to those found in Lewy bodies (16-
18). This aggregation is accelerated for the pathogenic A53T
and A30P R-synucleins, suggesting that acceleratedR-
synuclein fibril formation may contribute to the early onset

of familial PD (16-18). Patients with idiopathic PD express
wild-typeR-synuclein, which aggregates more slowly in vitro
(16-18). However, applied oxidative and nitrative stresses
in vitro rapidly induce dityrosine cross-linked aggregates and
fibril formation of this protein, further supporting a critical
role for oxidation in the initiation and/or progression of
synucleinopathies (19-21).

Fibril formation byR-synucleins is a nucleation-dependent
assembly process in which there is a characteristic lag phase
followed by a rapid fibril growth phase (22, 23). However,
to date no study has addressed the surprising observation
thatsin the absence of artificial stresses such as agitation,
stirring, or very low pHsthe lag phases forR-synuclein fibril
formation are extremely long (several weeks), yet highly
reproducible across sample replicates (18, 22, 23). In a
supersaturated solution, in which nuclei are formed directly
from the parent molecules, nucleation is a stochastic event
that should result in heterogeneity in time-dependent nucle-
ation between samples (24). We recently proposed that for
systems such asR-synuclein, lag phases are long and
nonrandom because the rate-limiting step for the process is
the formation and accumulation of a prenuclear species,
which could be produced as a result of chemical processes
with defined rates such as oxidation (24). As demonstrated
with formulations of recombinant therapeutic proteins in
aqueous solutions, protein oxidation can occur readily during
long-term incubation even in the absence of an applied
oxidative stress; molecular oxygen and/or metals from buffers
are sufficient (25).
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In the current study, we investigated the critical rate-
limiting step for fibrillogenesis ofR-synuclein and the role
of oxidation in this process by incubating solutions of wild-
type, A53T, and A30P proteinsswithout agitation or stirring
and under physiological conditions of temperature, pH, and
ionic strengthsin buffer alone and in buffer supplemented
with 5 mM methionine and 2 mM EDTA. Methionine serves
as a competitive scavenger for reactive oxygen species, and
EDTA chelates trace quantities of metals that might be
present in the buffer solution. The levels of native protein
and oligomers in the soluble fraction of samples were
analyzed by size exclusion high-performance liquid chro-
matography (SE-HPLC), a high-resolution method that can
quantify minute amounts of aggregated protein (i.e.,g0.5%)
and is commonly used in pharmaceutical studies of aggrega-
tion pathways for protein therapeutics (26). The presence of
fibrils in incubated samples was confirmed with thioflavin
T fluorescence (26).

To gain insight into the greater propensity of the A30P
and A53TR-synuclein mutants to form fibrils compared to
the wild-type protein, we compared overall tertiary structures
using measurements of the hydrodynamic radius and the
radius of gyration and second-derivative UV spectroscopy.
Furthermore, we quantified the self-interaction forces for the
mutants and wild-type proteins by measuring the osmotic
second virial coefficient using static light scattering.

EXPERIMENTAL PROCEDURES

Materials. The R-synucleins were cloned, expressed in
Escherichia coli, and purified as previously described (18,
22). The proteins were assessed to be>98% pure on the
basis of SDS-polyacrylamide gel electrophoresis, HPLC-
MS, and MALDI-TOF mass spectrometry. All chemicals
were purchased from Sigma-Aldrich Corp. (St. Louis, MO)
and were reagent grade or better.

In Vitro R-Synuclein Fibrillogenesis. Protein solutions (2
mg/mL) were prepared in “buffer” [20 mM Tris, 120 mM
KCl, and 0.02% sodium azide (pH 7.0) at 37°C] alone or
buffer with 2 mM EDTA and 5 mM methionine. Protein
concentrations were determined spectrophotometrically using
an extinction coefficient of 0.354 at 280 nm and a 1 cmpath
for a 0.1% solution (18). In one experiment with the A30P
R-synuclein variant, buffer and 10 mM methionine with and
without 2 mM EDTA were also tested. Solutions were
pipetted into V-shaped polypropylene Eppendorf tubes,
which were then sealed and incubated at 37°C, without
stirring or agitation. At each time point during the incubation,
sample tubes were removed from the incubator and the
protein solution was divided into aliquots for the various
analytical methods. Fibril growth was monitored using
thioflavin T fluorescence as previously described (26).
Insoluble fibrils were removed by centrifugation. Levels and
molecular masses of the monomer protein and soluble
oligomers in the supernatant were quantified and character-
ized using an HP 1090 size exclusion high-performance
liquid chromatography system (SE-HPLC) equipped with a
diode array UV absorbance detector. A Tosohaas TSK GEL
G2000SWXL column was used, with a mobile phase contain-
ing 20 mM Tris and 120 mM KCl (pH 7) and a flow rate of
0.6 mL/min. The column eluate was monitored at 215 nm.
Peak areas in the chromatogram were used to quantify the
amounts of monomer and dimer.

Seeding of UnmodifiedR-Synuclein with Dimers.To
prepare the dimers, A30PR-synuclein (2 mg/mL) was
incubated with an equimolar concentration of peroxynitrite
in buffer [20 mM Tris and 120 mM KCl (pH 7.0)].
Peroxynitrite was generated using the method outlined by
Beckman et al. (27) using the reaction between sodium nitrite
and sodium hydroxide in the presence of hydrochloric acid.
The concentration of peroxynitrite was measured by its
absorbance (extinction coefficient at 306 nm) 1670 M-1

cm-1). The protein solution was incubated at 37°C, without
stirring and agitation, in V-shaped Eppendorf tubes. To
determine dimer levels during incubation, samples were
withdrawn and analyzed using SE-HPLC as described
previously. After 3 h, dimers were at a level of 8% of the
total protein. Then the solution was removed from the 37
°C incubator and placed in a Centricon system (10 000 MW
cutoff) to wash away the peroxynitrite. The sample was
centrifuged and buffer (without peroxynitrite) was used to
bring the sample back to its original volume. This process
was repeated three times. Afterward, the sample was
centrifuged again to concentrate the protein. To test the
effects of seeding with dimers, two identical sets of unmodi-
fied A30PR-synuclein solutions (2 mg/mL) were incubated
at pH 7.0 and 37°C for 3 days, during which time dimers
were not detected. Then one set of samples was seeded with
the concentrated solution of dimers (and residual monomers),
which was prepared after peroxynitrite treatment, to give a
final dimer concentration of 6µM (4% of the total protein).
The seeded and unseeded control samples were incubated
at 37°C for 7 days. Samples were withdrawn and analyzed
using SE-HPLC and the thioflavin assay at regular intervals.

Structural Properties of Monomeric, Dimeric, and Fibril-
lar Species. A light scattering, viscosity, and refractive index
triple detector (E-Z Pro Model 300 TDA, Viscotek) was used
to determine molecular masses, radii of gyration, and
hydrodynamic radii for the species eluting from the size
exclusion column (28). To test for the presence of dityrosine
(29), samples from the incubation experiment were diluted
to 100 µg/mL and analyzed for intrinsic fluorescence (25
°C) with excitation at 320 nm using an Aviv model ATF 15
spectrofluorometer. To compare the tertiary structures of the
monomeric and dimericR-synucleins, second derivatives of
the UV absorbance spectra were obtained from the HP1090
liquid chromatography system’s diode array detector as
previously described (30). The structure of the fibrils formed
during incubation at 37°C and pH 7.0 was studied by TEM
(Philips CM-10). The sample was placed on a glow-
discharged grid (460-thin bar copper mesh) and negatively
stained using a 2% uranyl acetate solution. The samples were
then air-dried prior to analysis at 50000-100000×.

Mass Spectrometric Analysis of Dityrosine Cross-Links.
To prepare dimers, a 2 mg/mL solution of A30PR-synuclein
in buffer was treated with peroxynitrite as described above.
The protein was then acid hydrolyzed by incubation in 6 N
HCl at 60°C for 12 h. The acid-hydrolyzed samples were
analyzed by reverse phase HPLC using an elution gradient
from 5 to 80% acetonitrile in the presence of 0.1% tri-
fluoroacetic acid. A C-8 column (Phenomenex), connected
to an HP 1100 system equipped with diode array and
fluorescence detectors, was used for the analysis. The
fluorescence detector was used to identify specific hydrolysis
products with dityrosine cross-links by monitoring the
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emission at 415 nm (excitation wavelength of 280 nm), and
these products were analyzed further using a Quattro
Micromass electrospray mass spectrometer.

Osmotic Second Virial Coefficients. Protein interactions
were characterized by the osmotic second virial coefficient,
B22, where the subscripts denote protein-protein interactions.
B22 values were determined by static light scattering (SLS)
with a Brookhaven light scattering system (Brookhaven
Instrument Corp., Holtsville, NY), equipped with a vertically
polarized solid-state laser (wavelengthλï ) 523 nm), a BI-
200SM goniometer, and a BI9000AT correlator. The SLS
instrument was calibrated with pure toluene before each
experiment. To minimize scattering from dust, sample vials
were washed thoroughly and dried in a dust-free vacuum
chamber, toluene and buffers used during SLS experiments
were filtered with 0.02µm inorganic Anatop syringe filters,
and all protein solutions were filtered with 0.2µm cellulose
acetate syringe filters. Disturbances from dust were further
minimized by using the built-in statistical criterion of dust-
rejection-ratio cutoff value of 1.3. DialyzedR-synuclein was
diluted to a series of protein concentrations, ranging from
0.3 to 3 mg/mL, for SLS experiments. The same buffer (see
above) that was used for the fibrillogenesis experiments was
employed in the SLS experiments. Refractive index incre-
ments (dn/dC) of R-synucleins were determined independ-
ently via on-line SE-HPLC light scattering and using a
differential refractometer (31). BI-ZP Software from Brook-
haven was used to collect light scattering intensity data. Each
data point was the average of no fewer than 30 statistically
consistent measurements.

For particles such asR-synuclein that is small compared
to the wavelength of incident light (linear dimensions smaller
thanλï/20), scattering is isotropic and the Rayleigh equation
is used to interpret SLS data (32):

where C is the protein mass concentration (grams per
milliliter), Rθ is the excess Rayleigh ratio,Mw is the
molecular mass of the protein (grams per mole), andB22 is
the osmotic second virial coefficient (cubic centimeters per
mole per square gram).K is a constant calculated from the
optical properties of the system:

whereno is the refractive index of the solvent, dn/dC is the
protein refractive index increment (milliliters per gram),NA

is Avogadro’s number, andλo is the wavelength of incident
laser light.Rθ values were determined by subtracting the
background scattering from buffer alone. The scattering
intensity at 90° was measured to determineB22; scattering
from other angles was also monitored to verify isotropic
scattering fromR-synuclein.

RESULTS AND DISCUSSION

R-Synuclein Fibrillogenesis under Physiological Condi-
tions. We incubated solutions of wild-type, A53T, and A30P
proteinsswithout agitation or stirring and under physiological

conditions of temperature, pH, and ionic strengthsin buffer
alone and in buffer supplemented with 5 mM methionine
and 2 mM EDTA. With each protein variant, there was an
initial lag phase during which fibrils were not detected
(Figure 1) but during which there was observed the appear-
ance and time-dependent accumulation of an oligomeric
species that eluted earlier on SE-HPLC than the 14.5 kDa
monomer (Figure 1). On-line light scattering detection
indicated that this species was a dimer, with a molecular
mass of 29 kDa. Furthermore, analysis of incubated samples
by SDS gel electrophoresis also showed a dimer, which was
covalently cross-linked (Figure 2A). In addition to dimer
formation, the slow decrease in the level of the monomeric
protein during the initial lag phase is also due to the
formation of two fragments that eluted after the monomeric
protein on SE-HPLC (Figure 1, inset). On-line light scattering
detection indicated that these fragments had molecular
masses consistent with their formation by hydrolysis of
monomericR-synuclein at Asp119 (33). The fragment levels
increased slightly in the soluble fraction of samples through-
out the incubation period. Also the fragments were not
detected in insoluble fibril fractions, and thus do not appear
to participate in fibril formation.

With wild-type R-synuclein incubated in buffer alone, the
dimer level increased to∼2% of the total protein population
until day 15 of incubation. Then, there was a rapid loss of
dimers until day 25, after which dimers were no longer
detectable in the soluble fraction. SDS gel electrophoresis
confirmed that dimers are present only in the insoluble fibril
fraction (data not shown). Concomitant with the rapid loss
of dimers starting at day 15, there was a rapid loss of
monomeric protein and an increase in thioflavin T fluores-
cence, indicating that fibril nucleation and growth had
occurred. Analysis of the insoluble fraction with transmission
electron microscopy confirmed that the loss of soluble protein
was due to the formation of fibrils (Figure 2B). Thus, the
rate-limiting step in nucleation ofR-synuclein fibrils is the
formation and accumulation of a prenuclear species, the
covalently cross-linked dimer.

The same fibril formation pathway was observed for the
mutant A53T and A30PR-synucleins except that the initial
appearance of dimers and their accumulation to a critical
concentration (ca. 1.5%) occurred more rapidly than for the
wild-type protein, as did the resultant nucleation of fibril
growth (Figure 1). Therefore, more rapid fibril formation
by the mutant proteins is due to their propensity to form
covalently cross-linked dimers being greater than that of the
wild-type protein.

For all three R-synuclein variants, incubation in the
presence of solution conditions that reduce the level of
protein oxidation slowed the appearance and accumulation
of dimers and, hence, lengthened the lag times for fibril
nucleation (Figure 1). To test the effects of a higher
concentration of methionine and whether metal chelation was
important in our experimental system, we incubated A30P
R-synuclein with 10 mM methionine, with and without 2
mM EDTA (Figure 3). With both solutions, the appearance
of the covalent dimer was greatly delayed until near the end
of the incubation (day 32) and fibrils were not detected until
day 37, when the dimer concentration had just reached the
critical level. The results (Figures 1 and 3) demonstrate that
inhibition of oxidation and covalent dimer formation inhibit
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R-synuclein fibril formation. Thus, in the absence of physical
(e.g., agitation or stirring with Teflon bars, and/or exposure
to high temperatures) or chemical (acid pH) stresses,
oxidative formation of dimers is the critical, rate-limiting
step forR-synuclein fibrillogenesis.

Seeding with Dimers AcceleratesR-Synuclein Fibrillo-
genesis. To provide further evidence that dimer formation
is the rate-limiting step forR-synuclein fibrillogenesis, we
seeded an unmodified protein solution with dityrosine cross-
linked dimers. The addition of dimers to unmodified A30P
R-synuclein led to the rapid loss of the monomeric protein
from solution due to fibril formation (Figure 4), compared
to that in the unseeded control solution.

Intermolecular Dityrosine Cross-Link. How does oxidation
lead to the covalent cross-link inR-synuclein dimers? In vitro
exposure of wild-typeR-synuclein to oxidation or nitration
stresses induces formation of dimers and higher-order
oligomers with dityrosine cross-links (21). R-Synuclein does
not contain cysteine residues, and hence, covalent aggregate
formation caused by oxidation is restricted to dityrosine
cross-links. Dityrosine can be assessed with intrinsic fluo-
rescence spectroscopy (29), a method that we applied to
A30P R-synuclein samples as a function of the time of
incubation in buffer at 37°C. Concomitant with the increase

in covalent dimer levels (Figure 2), there was an increase in
fluorescence (excitation at 320 nm) emission intensity at ca.
420 nm (Figure 5A), which reflects the presence of dityrosine
(29). As a function of incubation time, this peak shifts to a
lower wavelength of 410 nm, closer to the signal observed
for the protein that had been incubated in the presence of
peroxynitrite for several hours. This blue shift in the signal
suggests that the dityrosine cross-link is buried in a more
hydrophobic environment, but the mechanism for this effect
is currently not known. When fibrillogenesis led to protein
precipitation and dimers were lost from the soluble fraction,
there was a loss of the dityrosine fluorescence signal (data
not shown). Thus,R-synuclein dimer formation in our studies
is due to dityrosine cross-links, which occur more readily
with the mutants than with the wild-type protein.

To further investigate the nature of the covalent linkage
between dimers, peroxynitrite-treated A30PR-synuclein was
acid hydrolyzed and analyzed with reverse phase HPLC. The
chromatograms obtained with UV and fluorescence detection
are shown in Figure 6. The fluorescence emission signal
monitored at 415 nm (excitation wavelength of 280 nm),
which is specific for detection of dityrosine residues, shows
a strong peak for which only a small UV absorbance peak
(280 nm) was observed in the chromatogram. Mass spec-

FIGURE 1: Levels of monomer (top panels), dimer (middle panels), and thioflavin T fluorescence (bottom panels) as a function of the time
of incubation of (A) wild-type, (B) A53T, and (C) A30PR-synucleins. Results (means( standard deviation for samples incubated in
triplicate) are shown for protein solutions in buffer alone (0) or buffer with 2 mM EDTA and 5 mM methionine (4). The inset in panel
A (top panel) shows a typical SE-HPLC chromatogram for an incubated sample in which peaks for the dimer (D), the monomer (M), and
two fragments (F1 and F2) are shown.
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trometry analysis of the hydrolysis product in this peak gave
a mass of 359( 1.5 Da, which is consistent with the mass
for dityrosine.

Increased Propensity ofR-Synuclein Mutants To Form
Dimers. What physicochemical property accounts for the
propensity of the mutantR-synucleins to form dimers being
greater than that of the wild-type protein? At neutral pH, all
threeR-synuclein variants have indistinguishable random coil
secondary structure as determined by CD spectroscopy (17,
18), and only slight differences between the variants are
observed by NMR spectroscopy (34). All three variants are
structurally expanded, as reflected in the relatively large (ca.
3 nm), but almost identical, hydrodynamic radii (Rh) for wild-
type, A30P, and A53TR-synucleins (Table 1). In compari-
son, lysozyme, a typical globular protein with a comparable
molecular mass (14.6 vs 14.5 kDa forR-synuclein), has a
hydrodynamic radius of 2.05 nm (Table 1).Rh for completely
unfolded lysozyme is 3.46 nm (35). BecauseRh for each of
the threeR-synuclein variants is intermediate between the
expected value for the compact, globular lysozyme and that
for the completely unfolded lysozyme, theRh data are
consistent withR-synucleins adopting a partially structured
conformation in solution. Consistent with this interpretation,
the radii of gyration (Rg) indicate that each of theR-synuclein
variants adopts a nonspherical structure in solution. For a

sphere, theRg/Rh ratio is predicted to be 0.775 (35). The
ratio for lysozyme is 0.776, as expected for a nearly spherical
molecule. In contrast, theRg/Rh values for the wild type,
A30P, and A53T are 0.99, 0.91, and 0.87, respectively. These
ratios suggest that the time-averaged structure of the wild-
type protein is more elongated than that for A53T, which
appears to be slightly more globular. The values for the wild-
type and A30P proteins are not statistically different (Table
1). TheRg/Rh ratios of dimeric species formed from wild-
type, A30P, and A53TR-synuclein proteins, observed in the
incubation study, were 0.93, 0.89, and 0.86, respectively.
These results indicate that dimerization does not greatly alter
the elongated structure ofR-synucleins.

Second-derivative UV spectroscopy was also used to
examine the tertiary structures ofR-synuclein variants (36-
38). The spectra of the wild-type and mutantR-synucleins
are similar to the spectrum forN-acetyl tyrosinamide in
buffer (Figure 5B), suggesting that the tyrosine residues in
all of the R-synucleins that were tested are largely solvent
exposed. These results are not surprising because three of
the four tyrosine residues are found within 16 residues of
the C-terminus, in a region that remains unordered even when
the majority of the molecule adopts anR-helical conforma-
tion upon lipid membrane binding (39). Because of the high
degree of solvent exposure of the tyrosine residues and an

FIGURE 2: (A) SDS-PAGE analysis of the wild-typeR-synuclein
samples as a function of the time of incubation (samples were taken
from the experiment described in the legend of Figure 1). The figure
shows that dimers were present in the protein samples incubated
in buffer alone (lanes 1-5) but not in the protein samples containing
buffer with 5 mM methionine and 2 mM EDTA (lanes 6-9) for
the first 15 days of incubation. (B) Transmission electron micro-
graph showing the fibrillar nature of aggregates of wild-type
R-synuclein observed after 45 days of incubation under physiologi-
cal conditions. A 100 nm scale bar is shown for comparison.

FIGURE 3: Levels of monomer (top panel), dimer (middle panel),
and thioflavin T fluorescence (bottom panel) as a function of the
time of incubation of A30PR-synuclein. Results (means( standard
deviation for samples incubated in triplicate) are shown for protein
solutions in buffer alone (0), buffer with 10 mM methionine (O),
and buffer with 10 mM methionine and 2 mM EDTA (]).
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implied high degree of conformational mobility in the
disordered region, it is reasonable to expect that the formation
of intermolecular dityrosine bonds would be minimally
impeded by the structures of theR-synuclein variants.

Close examination of the second-derivative UV spectra
does reveal a difference in the spectrum of A53TR-synuclein
compared to those for the wild-type and A30P proteins. The
minimum near 275 nm in the spectrum of the A53T mutant
is red-shifted compared to those for the other two proteins
by ∼1.4 nm (Figure 5B). Thus, although the tyrosine residues
in all three variants are highly solvent exposed, those in the
A53T R-synuclein are slightly less exposed than the tyrosine
residues in the wild-type or A30PR-synuclein.

Figure 5B also shows the second-derivative UV spectrum
of dimeric A30PR-synuclein. The tyrosine signals indicated
by minima at 275 and 283 nm are strongly red-shifted relative
to those of the monomeric species, suggesting that the
tyrosine residues are much less solvent exposed in dimers
than in monomers.

When the fact that structural constraints do not limit the
capacity of dityrosine formation betweenR-synuclein mol-
ecules is considered, how can we explain the greater rates
of dimer formation by the mutantR-synucleins? The osmotic
second virial coefficient (B22) is a solution thermodynamic
parameter that provides insight into the different aggregation
propensities of theR-synuclein variants.B22 directly reflects
the strength of all protein-protein interactions on the
molecular level, such as excluded volume, electrostatic, van
der Waals, and all other short-range interactions. Positive
values ofB22 reflect overall repulsive interactions whereas
negativeB22 values reflect overall attractive interactions (32).

B22 is fundamentally linked to solubility, andB22 measure-
ments have been used to predict solution conditions for
protein assembly into crystals and salting out (32, 40-43)
but have not been used previously to study protein aggrega-
tion. B22 values measured for wild-type, A30P, and A53T
R-synucleins (Table 1) are positive, indicating overall

FIGURE 4: Levels of monomer (top panels), dimer (middle panels),
and thioflavin T fluorescence (bottom panels) as a function of the
time of incubation for seeded (O) and unseeded (0) A30P
R-synuclein. Dimers (see Materials and Methods) were used to seed
the sample after incubation for 3 days at 37°C. Results are means
( standard deviation for samples incubated in triplicate.

FIGURE 5: Structural properties of monomeric and dimericR-
synucleins. (A) Fluorescence emission spectra for A30PR-
synuclein, as a function of the time of incubation in buffer alone
at 37 °C. Samples from the experiment shown in Figure 3 were
analyzed after incubation for 0 (s), 3 (‚‚‚), 5 (-‚‚-), and 8 days
(- - -). For comparison is shown the spectrum (- - -) for dimers
purified by collecting SE-HPLC fractions from an A30PR-
synuclein sample that was incubated in the presence of peroxynitrite,
using a method previously shown (21) to induce dityrosine cross-
links in R-synuclein. (B) Second-derivative UV spectra for native
monomeric, wild-type (-‚‚-), A53T (- - -), and A30P (‚‚‚)
R-synucleins, andN-acetyl tyrosinamide (s). The spectrum for
dimeric A30PR-synuclein is also shown (O). The UV absorbance
spectrum was collected for the monomer peak on the SE-HPLC
chromatogram using the HP1090s HPLC system’s diode array
detector (36). The direction of the arrows indicates the shift of the
minima in the spectrum of the dimer with respect to the native
protein.

FIGURE 6: Reverse phase chromatograms of peroxynitrite-treated
A30PR-synuclein after acid hydrolysis. Chromatograms are shown
based on UV absorbance at 280 nm (s) and fluorescence emission
at 415 nm when excited at 280 nm (- - -). The dityrosine peak
is marked in the chromatogram.
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repulsive interactions, consistent with the long lag times
observed forR-synuclein fibrillogenesis (Figure 1). However,
B22 values for the A53T and A30P mutants are 48 and 66%
smaller, respectively, than that for the wild-type protein.
Thus, for both A53T and A30P, intermolecular forces for
self-interaction are, on average, more attractive than those
between wild-type molecules, a trend consistent with the
increased capacity of the mutantR-synucleins to form dimers.

Because of their structural, functional, and surface ani-
sotropy (44, 45), protein-protein interactions are often
dominated by the contributions of a relatively few, high-
energy configurations rather than by overall colloidal interac-
tions as described by the classic Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory (45). For example, a set
of single-site mutations at a residue involved in a relatively
weak crystal contact (S44) in lysozyme resulted in drastically
different colloidal interaction behaviors (44). For some
variants, these modified interactions were reflected in large
increases inB22, whereas other variants showed large
decreases inB22. The authors hypothesized that small changes
in a protein may lead to significant changes inB22 when the
changes occur in regions involved in high-complementarity
interactions (44). Substitutions that modified the net charge
of lysozyme had large effects on measuredB22 values, with
variants carrying greater charges (e.g., lysozyme S44K)
exhibiting much largerB22 values (44). Steric perturbation,
with the substitution of the bulkier residue phenylalanine,
disrupted the complementarity of the original crystal contact
but resulted in an increased complementarity in a different
configuration involving the same residue; this secondary
effect was reflected by a smaller measured value ofB22 for
lysozyme S44F (44).

This study offers interesting contrasts to the previous work
on lysozyme variants. A30P and A53TR-synucleins are
isocharged with respect to the wild type, so the smaller values
of B22 for the variants, compared with that of the wild type,
cannot be attributed to decreases in the extent of charge
repulsion. Although both proline and threonine are bulkier
than alanine, it is difficult to assign the decreasedB22 values
for A53T and A30P to steric disruption, since both the wild
type and the variants exhibit highly expanded, random coil-
like structures. It is possible that additional hydrogen bonding
introduced by the more polar threonine in A53T contributes
to smaller values ofB22 than that for the wild type, but the
same cannot be said for A30P. We hypothesize that the A53T
and A30P substitutions introduce structural and dynamic
changes inR-synuclein that result in increases in the strength
and/or number of attractive intermolecular configurations.

Bussell and Eliezer observed with high-resolution NMR
spectroscopy that the A30P mutation disrupts a region of

residual R-helical structures that exist in wild-typeR-
synuclein whereas A53T shows a slight enhancement of a
small region at the site of mutation with a preference for
extendedâ-sheet conformations (34). Consistent with this
result, our second-derivative UV spectra indicated that the
level of solvent exposure of tyrosine residues was slightly
lower in the A53T mutant than in the wild-type or A30P
R-synuclein. Physiologically,R-synuclein has been hypoth-
esized to play an important role in modulating synaptic
plasticity (39, 46). It binds reversibly to lipid membranes,
and more interestingly, binding is accompanied by a dramatic
increase inR-helicity from 3 to ∼80%, with a distinct
distribution of polar and nonpolar residues on opposite faces
of the inducedR-helix structures (39, 46-49). Because
molten globules are often implicated as intermediates in
protein aggregation pathways (50-54), we speculate that
A30P and A53T mutations disrupt transientR-helix forma-
tion, resulting in a more globule-like conformation and an
increased number of attractive self-interactions. Consistent
with this idea, we find that the induction time for fibril
formation correlates withRg/Rh, with the most globular
protein (A53T) having the shortest fibril formation induction
time and the most attractive value forB22, whereas the wild
type is the least globular and has the longest induction time
and the most repulsive value forB22.

While the exact consequences of point mutations on
protein structures and interactions are hard to predict, their
effects are ultimately manifested in their solution behavior
and captured in the experimentally measuredB22, as dem-
onstrated by bothR-synuclein and lysozyme variants.
Numerous studies have revealed that a robust correlation
exists between experimentally measuredB22 values and
protein solubility that extends over three decades of solubility
for proteins with varied complexities (42, 55, 56). B22 is
linked to protein equilibrium phase behavior, with the slightly
negativeB22 values that characterize crystallization conditions
corresponding to a metastable liquid-liquid critical point in
the vicinity of the liquid-solid equilibrium (57). In this
metastable region, protein density fluctuations form small
regions of high local protein concentration, followed by
crystal nucleus formation and growth (58, 59). Kulkarni and
Zukoski in a recent study linked the strength of colloidal
attraction to the rates of nucleation and found that the free
energy barrier to the formation of a critical nucleus (or the
induction time of protein crystal formation) is strongly
correlated withB22 (60). Thus, the effect of the increased
number of protein-protein attractive interactions (reflected
in decreasedB22 values) in A30P and A53T mutations is,
on average, an increase in the local protein concentration.
This higher fluctuating “local” protein concentration leads

Table 1: Physical Properties ofR-Synucleins

protein

osmotic second virial
coefficient,a B22 × 103

(cm3 mol-1 g)
radius of gyration

of monomer,b Rg (nm)
hydrodynamic radius
of monomer,b Rh (nm) Rg/Rh

wild-type synuclein 5.64( 1.46c 2.94( 0.15 2.98( 0.07 0.98( 0.05c

A53T synuclein 1.94( 0.81c 2.76( 0.08 3.16( 0.19 0.87( 0.05c

A30P synuclein 2.94( 1.04 2.78( 0.07 3.07( 0.17 0.90( 0.05
lysozyme not determined 1.59 2.05 0.77

a Standard deviations were obtained from errors in linear regression from slopes of Debye plots (eq 1).b Radii of gyration and hydrodynamic
radii were determined using an on-line light scattering, viscosity and refractive index detector (E-Z Pro Model 300 TDA, Viscotek) connected to
an SE-HPLC system (28). For a spherical molecule,Rg/Rh ) 0.775 (35). Errors associated withRg/Rh are propagated standard deviation errors.
c Values are statistically different from each other on the basis of the pairedt test (p < 0.05).
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to higher protein collision frequencies, which in turn leads
to faster dimer formation. Because the rate-limiting step in
nucleation ofR-synuclein fibrils is the oxidative formation
and accumulation of the dityrosine cross-linked dimer, a
faster rate of dimer formation causes an earlier onset of fibril
growth.

Conclusions.Our results document that oxidative dimer
formation is the critical rate-limiting step for fibrillogenesis
of R-synucleins and that the inherent propensity of the A30P
and A53T mutant proteins to form dimers more readily
accounts for their more rapid fibril formation. These data
now firmly link oxidation and synuclein aggregation to the
same pathogenic pathway. Our conclusions provide a direct
mechanistic explanation for the arguments that impairments
of cellular antioxidative mechanisms and/or overproduction
of reactive species may be primary events in the initiation
and progression of neurodegenerative synucleinopathies (8-
15). Furthermore, elucidation of the role of oxidative and
nitrative injury in mechanisms underlying these and other
neurodegenerative disorders is crucial for identification of
therapeutic targets for these diseases (8-15). Our in vitro
system will be valuable for screening effective compounds,
which should have the capacity to prevent, either directly or
indirectly, the formation of oxidative dimers ofR-synucleins.
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