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ABSTRACT. The aggregation of the presynaptic proteksynuclein is associated with Parkinson’s disease
(PD). The details of the mechanism of aggregation, as well as the cytotoxic species, are currently not
well understooda-Synuclein has four tyrosine and no tryptophan residues. We introduced a tyrosine to
tryptophan mutation at position 39 to create an intrinsic fluorescence probe and allow additional
characterization of the aggregation process. Y3@Wynuclein had similar fibrillation kinetics (2-fold
slower), pH-induced conformational changes, and fibril morphology to wild-tysgnuclein. In addition

to intrinsic Trp fluorescence, acrylamide quenching, fluorescence anisotropy, ANS binding, dynamic light
scattering, and FTIR were employed to monitor the kinetics of aggregation. These biophysical probes
revealed the significant population of two classes of oligomeric intermediates, one formed during the lag
period of fibrillation and the other present at the completion of fibrillation. As expected for a natively
unfolded protein, Trp 39 was highly solvent-exposed in the monomer and is solvent-exposed in the two
oligomeric intermediates; however, it is partially, but not fully, buried in the fibrils. These observations
demonstrate the utility of Trp fluorescence labekegynuclein and demonstrate the existence of an
oligomeric intermediate that exists as a transient reservai-gynuclein for fibrillation.

Parkinson’s disease (PDjs the second most common position 39 during aggregation, since the fluorescence
neurodegenerative disease, affectind?¥% of the population ~ emission of Trp undergoes a blue shift when the polarity of
over age 65. It involves loss of dopaminergic neurons in the its environment decreases. Recently, a number of Trp-
substantia nigrawhich leads to decreased dopamine levels nitroTyr a-synucleins were prepared and examined for FRET
in the striatum, causing symptoms such as tremors, rigidity (nitroTyr quenches Trp fluorescence), including Trp 39-
in muscles, and bradykinesia<{3). While the exact cause nitroTyr 19 and Trp 4-nitroTyr 1919). Monomerica-sy-
of PD is not known, aggregation of the presynaptic protein nuclein was examined both in aqueous solution and when
a-synuclein is believed to play a critical role in the etiology bound to SDS micelles and revealed the presence of compact,
of the disease4(-15). intermediate, and extended conformations.

Wild-type o-synuclein is a 140 amino acid protein, The results of the present investigation indicate that the
showing little or no ordered structure under physiological intrinsic fluorescence of Trp 39 is a useful probe for the
conditions in vitro (L6). The overall structure ai-synuclein o-synuclein aggregation process, revealing the presence of
includes a highly conserved N-terminal domain (residues two oligomeric intermediates, one formed during the lag
1-95) containing seven 11 amino acid repeats with a period of fibrillation and the other present at completion of
consensus sequence, KTKEGV, a lipid binding motif. The the fibrillation. In addition, the data demonstrate that residue
acidic C-terminal domain contains three of the four tyrosine 39 becomes partially buried in the fibrils but is solvent-
residues, at positions 125, 133, and 139. The fourth Tyr exposed in the monomer and in the transient oligomers
residue is at position 39. These Tyr residues are conservedormed during fibrillation.
in all of the a-synuclein orthologuesl{, 18).

The Y39W a-synuclein was created for the purpose of MATERIALS AND METHODS
monitoring potential structural changes during the aggrega- Materials Thioflavin T (ThT) and 1-anilinonaphthalene-
tion process. Such an intrinsic fluorescent probe is less likely 8-sulfonic acid (ANS) were obtained from Sigma, St. Louis,
to have significant effects on the propertiesoeéynuclein MO. All other chemicals were of analytical grade from Fisher
and its aggregation than more bulky side-chain-modified Chemicals.
fluorescence labels. The presence of a single tryptophan EXxpression of WT and Y39WSynucleinThe mutant was

residue facilitates interpretation of the environment around created through site-directed mutagenesis, using the Quick-
Change site-directed mutagenesis kit from Stratagene. The
T This research was supported by Grant NS39985 from the National primers, from IDT Inc., Were_ diluted to a final Concemra_tlon
Institutes of Health. of 126 ngkL, and a 1uL aliquot of the dsDNA plasmid
27ZIO|;NhOnegcsolr)fefggg%esgce;houlld be addreése?- Phoneid(831) 459template (25 nglL) was used. Before transformation into
. Fax: - . E-mail: enzyme@cats.ucsc.edu. ; ; :
! Abbreviations: PD, Parkinson's disease; ThT, thioflavin T; CD, the. expression cell line, the plas_mlds were sequenced fo
circular dichroism; SEC, size-exclusion chromatography; ATR, attenu- Validate the presence of the desired mutation. Mass spec-

ated total reflectance. trometry and/or western blots were also performed on the
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expressed proteins to confirm the molecular weight changesdues, the samples were excited at 290 nm and emission was

expected from the mutations. On the basis of SIPAGE, scanned between 300 and 440 nm. Spectra were plotted, and
which showed a single band, both wild-type and Y39W the wavelength and intensity at the maximum emission were
a-synucleins were>95% homogeneous. recorded. Dityrosine fluorescence was measured with excita-

Purification of the o-SynucleinsWild-type (or mutant) tion at 310 nm.
a-synuclein plasmid (pRK172), containing a carbenicillin Acrylamide QuenchingAliquots of the same protein
resistance gene and the T7 promoter gene, was transfectethcubation solutions were drawn at various time points during
into Escherichia colBL21(DE3) cells. Cells were harvested, the course of fibrillation and mixed with increasing concen-
lysed, precipitated with ammonium sulfate between 30% and trations of acrylamide, from 0.1 to 0.6 M. This was
50% saturation, and collected at 4000 rpm arfitC4for 15 performed on both the solution mixture and the supernatant
min. The 50% ammonium sulfate precipitate was dialyzed alone. The intrinsic fluorescence was recorded before and
overnight and run on a DEAE-Sepharose fast-flow column after addition of the quencher. The Steivolmer equation
at 4°C. A 50-500 mM NacCl gradient was established and describes collisional quenching processes:
~70—-80 6 mL fractions were collected. The fractions
determined to have higie-synuclein content by SDSPAGE /1 =1+ K [Q]
were pooled together and dialyzed against deionized water
at 4 °C. The concentration was determined By, and wherelyg is the fluorescence intensity prior to the addition
aliquots containing 10 mg of protein were lyophilized and of the quencher| is the intensity after quencher addition,

stored at—80 °C. Extinction coefficients used wekgenm and [Q] is the concentration of acrylamide in this case. High
= 0.401 and 0.673 (mg/mL} for wild-type and Y39W Ksv values indicate a high degree of quenching and therefore
a-synuclein, respectively. high Trp accessibility. SteraVolmer plots for the Y39W

Mass SpectrometnA MicroMass Quattro Il electrospray  supernatant were fitted with the equatiBgiF = (1 + Kg
mass spectrometer was used to obtain mass spectra. Sampl¢a]) exp(Ks)[A]), where Fo andF are the intrinsic fluores-
were made by prepamgna 2 mLsolution of 10uM protein cence intensities in the absence and presence of acrylamide,
in a 50% acetonitrile/bD mixture. Samples were adjusted respectively, [A] is the concentration of the acrylamig,
to pH 2.0 with 12 M HCI immediately before use. Injection is the Sterar-Volmer constant for dynamic quenching, and
was carried out using a syringe pump (Harvard Apparatus, K is the static component of the quenching proc&ss. (
Holliston, MA) at a flow rate of 6uL/min. The source Fluorescence Anisotropgamples of the protein incuba-
temperature was set to 9C, the capillary voltage was 3.0 tion mixture and supernatant were excited with vertically
kV, and electrospray positive ionization mode was used. polarized light, and the emission intensity was measured

Aggregation ofx-SynucleinThe kinetics of fibril forma- through both parallel and perpendicular polarizdrsafd
tion were monitored with ThT fluorescence assays on samplelp). The anisotropyr, a dimensionless quantity, is defined
mixtures containing 2 mg/mix-synuclein, 150 mM NaCl, as
20 mM phosphate buffer, and 26M ThT. Plate reader
measurements were carried out in 96-well plates at@7 r=(,—1/0,+ 2y

with 120 rpm shaking with a 20 mm shaking diameter, and
3 mm glass beads. Manual ThT fluorescence measurementsBy comparing anisotropy values as a function of time, it is
performed on a Fluoromax-3 (Jobin-Yvon Horiba) spectrof- possible to measure changes in the relative mobility of the
luorometer, were monitored at 3T in glass vials, stirred  fluorophore throughout the aggregation process. Excitation
with micro-stir bars, using the same protein and salt was at 290 nm and emission at 350 nm.
concentrations as above. Aliquots (4Q) of the protein ANS Fluorescence.-Anilinonaphthalene-8-sulfonic acid
mixture were removed at various time points and added to (ANS) is a dye whose fluorescence is greatly enhanced on
a cuvette containima 1 mLsolution of 20uM ThT and 20 binding to hydrophobic surfaces, displaying a characteristic
mM buffer. The solution was excited at 450 nm, and blue shiftin its fluorescence maximum frowb15 to~475
emission was scanned between 470 and 560 nm. Thenm. Partially folded intermediate species are characterized
intensity at 482 nm was recorded and plotted against time. by exposure of hydrophobic patches, and their presence can
Each experiment was repeated at least three times, to verifythus be monitored by changes in the fluorescence emission
reproducibility; errors were of the order 6f10—15%. The of ANS over time. Aliquots (2@L) of the incubation mixture
ThT fluorescence curves were fitted with a sigmoidal curve were removed at various time points and mixed into a cuvette
as previously describe®0). containig a 1 mL solution of 5uM ANS and 20 mM
Preparation of Pellet and Supernatant Sampkelgquots phosphate buffer, pH 7.4. Initial experiments were performed
of 140 uL were removed from the incubation solutions at to identify the optimum ANS concentration. Samples were
various time points and centrifuged for 45 min at 14K. The excited at 350 nm, and emission was scanned between 360
supernatant was removed and analyzed separately, and thand 600 nm. The wavelength of maximum emission was
pellet was washed twice, resuspended in 24®f the same recorded and plotted against time. Intensitied a were
buffer used to prepare the samples (100 mM NaCl, 20 mM also noted.
phosphate, pH 7.4), and subsequently analyzed. Circular Dichroism. Far-UV CD measurements were
Intrinsic FluorescenceAliquots (20 uL) of the Y39W performed with an AVIV 60DS spectrophotometer, with a
a-synuclein incubation mixture were removed at various time 0.01 cm path length cuvette. Solutions were 1 mg/mL protein,
points and mixed into a cuvette contaigia 1 mLsolution 100 mM NaCl, and 20 mM buffer. Spectra were recorded
of 150 mM NaCl and 20 mM phosphate, pH 7.4. To from 250 to 190 nm with a step size of 0.5 nm, a bandwidth
minimize fluorescence contribution from the tyrosine resi- of 1.5 nm, and an averaging time of 4 s. An average of three



2754 Biochemistry, Vol. 45, No. 8, 2006 Dusa et al.

100x10®

80x10° 1

60x10° 1

40x10° A

20x10° 1

ThT intensity

0 @&&s =

ThT intensity
s & 8 & 8

w

(=]
i

0 20 40 60 80 100 120 140
Time (h)
Ficure 1: Kinetics of fibril formation by Y39W and wild-type-synuclein monitored by ThT fluorescence. (A) Manual assays (2 mg/mL
protein). (B) Plate reader assays (1 mg/mL protein). Key: Y32Wand WT ©). Conditions: pH 7.4, 150 mM NaCl, and 20 mM PBS.

The images on the right are from TEM and show the wild-type fibrils in the top image and the Y39W fibrils in the bottom image. The scale
bars are 200 nm.

to five scans was obtained for each spectrum. Separate buffeRESULTS
spectra were also collected and subtracted from the protein
spectra. Comparison of Y39W and Wild-TypmeSynuclein. (A)
Fourier Transform Infrared SpectroscopyTR-FTIR data Fibrillation of Y39Woa-Synuclein Is Similar to That of Wild-
was collected on a ThermoNicolet 670 spectrometer equippedYP€a-SynucleinProtein aggregation and fibrillation kinet-
with an MCT detector. The samples were spread out andicS typically appear sigmoidal, usually attributed to a
dried as a thin film on a germanium IRE, with a constant hucleated polymerization process in which the initial lag
flow of nitrogen gas. Between 256 and 1024 interferograms Phase corresponds to formation of a critical nucleus, the
were collected for each sample. Samples were 2 mg/mL Subsequent exponential growth phase corresponds to fibril
protein, 150 mM NaCl, and 20 mM phosphate buffer. Data elongation, and the final leveling off is ascribed to exhaustion
analysis was performed with the GRAMS32 software from Of soluble monomers and intermediates. The kinetics of
Galactic Industries. Secondary structure components andfiPrillation for both wild-type and Y39Wb-synuclein were
percentages were estimated by curve fitting following Fourier monitored using ThT fluorescence. The data (Figure 1)
self-deconvolution and second derivativeg)( indicate that Y$9V\tx-synuclein forms fibrils somewhat more
Monitoring a-Synuclein Association by Dynamic Light slowly than wild type and that both the nucleation phase
Scattering DLS measurements were performed at ZD and_ _flbrll elonga.tlon_ were slower with the mutant. In
using a DynaPro (Wyatt Technology) model 99-E-50 instru- addition, theT data in Figure 1 show th_at the rate_of f|br|IIat|on.
ment. Aliquots of 10uL of the incubation solution were =~ Was sIower.m the manual assays (which had twice the protein
centrifuged before measuring DLS. One microliter of the concentration) compared to the plate reader: Y3@\W-
supernatant was diluted with Q. of filtered buffer in the ~ nuclein displayed an average lag time of 264 h on the
DLS cuvette, and measurements were taken withi@ giin. ~ Plate reader and 5@ 7 h for the manual assays, reflecting

Scattering peaks less than 0.1 nm radius and more than 100@he different amounts of agitation in the two types of assays.
nm were ignored. Examination of the morphology of the fibrils by negative

Electron MicroscopyTransmission electron microscopy ~Staining electron microscopy indicated that fibrils from both
was used to visualize the fibrils and/or amorphous aggregatesVild-type and Y39Wa-synuclein appeared indistinguishable
present at the end of the aggregation process. Samples ($Figure 1).
uL) were placed onto carbon-coated grids, washed with (B) Y39W and Wild-Typer-Synuclein Hae Similar
deionized water, and negatively stained with 1% uranyl Conformations The secondary structure of Y39\W-sy-
acetate. They were viewed with a JEOL electron microscope, nuclein was examined at pH 7.4 and 3.2 and compared to
and the images were recorded at a 75K magnification. wild type. At pH 7.4 the far-UV CD spectra of both proteins
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FIGURE 2: Comparison of secondary structure of WT and Y39W Time (hrs)
a-synuclein. (A) Far-UV CD spectra of Y39W (open circles) and E o012
WT (closed circles) at pH 7.4 showing that both proteins are largely § D 0°
unstructured. (B) FTIR spectra of Y39W (pH 7.4, dotted line; pH T 040
3.2, dash-dot line) and WT (pH 7.4, solid line; pH 3.2, dashed Z 5
line). An increase in secondary structure, specificggheet at 5 o
~1630 cnt?, is observed as the pH is decreased. £ 0084 o e
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had the characteristics of an unfolded protein (Figure 2A). @ 006 : 8 2 : e
4

The spectra for WT and Y39W were essentially superim-

posable, indicating a similar overall structure at pH 7.4. Time (h)

Similarly, at the lower pH, both Y39W and WT had Ficure 3: Changes in the intrinsic Trp fluorescence of the
essentially identical far-UV CD spectra (data not shown), Supernatant during incubation of Y39W/synuclein at 37C. (A)

. . . Amaxnormalized emission spectra of the supernatant as a function
corresponding to a partially folded conformatiae). of wavelength monitored over time. (B) Plot &f..x vs time for

The secondary structure was also investigated with FTIR, the intrinsic fluorescence of the Y39W supernatant, indicating no

which is more sensitive tg-structure than CD. Spectra for ~changes in tthe gg;nron{nentfof tThfIO _39: with tfllme- (C) Plot Off me
H maximum Intensity vs time t1or the Intrinsic riluorescence o e
Y39W and WT were ob.talned a.t pH 7.4 and 3.2 and showed Y39W supernatant, indicating no changes in the environment of
an enlarged shoulder in the vicinity of 1630 chcorre- Trp 39 with time. (D) Change in fluorescence emission intensity
sponding to increasg@tstructure for the Trp mutant at both  at 430 nm on excitation at 300 nm changes in emission intensity
pHs (Figure 2B). We have previously shown that wild-type relative to the initial spectrum, attributed to the formation of
a-synuclein forms an amyloidogenic partially folded inter- dityrosine. Unless otherwise noted all incubations were at@37
. . . . pH 7.4, and 150 mM NacCl.

mediate at pH 3, accounting for the difference in spectra
between pH 7 and Q). The secondary structure content of the mutation. The value of 19 6% found here is in
of both proteins at each pH was estimated after curve fitting agreement with other reports.
following deconvolution with Fourier self-deconvolution and Monitoring Time-Dependent Structural Changes during
second derivatives. The analysis for Y39W showed a larger Incubation of a-Synuclein.o-Synuclein aggregation and
fraction of 5-sheet/extended structure at pH 7.4 25%), fibrillation was accomplished by incubating 1401 wild-
compared to WT (19 6%), suggesting somewhat more type or Y39Wa-synuclein in 20 mM phosphate buffer, pH
structure in the natively unfolded monomer in the presence 7.4, containing 150 mM NacCl. Under these experimental
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Ficure 4: Changes in the intrinsic Trp fluorescence of the pellet
during incubation of Y39Wa-synuclein at 37C. (A) Pellet intrinsic
fluorescence at 48 h (solid line) and 125 h (dashed line). (B)
Increase in Trp fluorescence intensity at 346 nm as a function of
time of incubation ©). The dotted line is the increase in ThT
fluorescence, reflecting fibril formation.

conditions with mild agitation (stirring) the lag time wa$0

h (run-to-run variations were-15%). Aliquots were with-
drawn for analysis at various time periods pwe 6 day
period. The samples were separated by centrifugation into
soluble (supernatant) and insoluble (pellet) fractions. In the
first 60—70 h the majority of the protein is in the supernatant;
at later times the majority is in the pellet.

(A) Intrinsic Fluorescence of the Supernatant and Pellet
during Incubation of Y39WDuring incubation, the wave-
length of maximum fluorescence emission was monitored
in order to detect changes in the environment and solvent
accessibility of the Trp. The emissidpaxof the supernatant
(excitation at 290 nm) remained effectively constant over
70 h at values between 354 and 356 nm, which is indicative
of substantial solvent exposure of the Trp (Figure 3A,B). A
plot of the intensity at 355 nm against time of incubation
also indicates no significant changes in the environment of
Trp 39 (Figure 3C). Interestingly, at later times in the lag
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FiIGURe 5: Solvent accessibility of Trp 39 measured by acrylamide
quenching of Trp fluorescence as a function of time of incubation.
(A) Stern—Volmer constant as a function of incubation time for
the supernatant. An increase I, indicates increased solvent
exposure of the Trp. (B) SteriVolmer constant as a function of
incubation time for the total incubation mixture, showing the
decreased accessibility of Trp 39 in the fibrils. Note the different
time scales in panels A and B. (C) Stefviolmer plot for the
supernatant over time (0 h, open circles; 4 h, inverted triangles; 12
h, squares; 20 h, diamonds; 32 h, triangles; 56 h, hexagons).

0.5

fluorescence of the resuspended pellet showed a significant

phase, and during the exponential growth phase, an increasélue shift compared to the monomer (Figure 4A), with an

in intensity at high wavelengths was observed (Figure 3A,D).
This could reflect formation of a small amount of dityrosine,
whose excitatiolmax is around 310 nm (see below).

A pellet following centrifugation was only visible after
the 48 h time point, which is consistent with the ThT
fluorescence results showing a lag time of 50 h. The Trp

emissioMmax Of 346+ 2 nm. In addition, a time-dependent
increase in the emission intensity at thig.x was also
observed (Figure 4B), which closely paralleled the rate of
fibril elongation, based on the ThT trace, and reflects the
increasing amount of fibrils with increased incubation time.
The shift in Amax to 346 nm points to Trp 39 becoming



o-Synuclein Aggregation Monitored by Fluorescence Biochemistry, Vol. 45, No. 8, 200757

0.05 480
0.04 1 A 470 1 A
> ~~
Q | e E
I £ 460 1
o x
2 0021 g
450 |
< ©
0.01 o
o
£ 440+
0.00 . . . . . S
0 10 20 30 40 430
Time (hrs) ¥
0.08 420 T T T T T T
B 0 20 40 60 80 100 120
4 () .
0.07 Time (hrs)
2
g 0.06 12
2 %o B
Z 0.05 - >
< D
0. c
0.04 e o)
(@Yo JRRURNIRIREEE <
0.03 T T - , , 'ac)
0 20 40 60 80 100 N
Time (hrs) g
—
Ficure 6: Changes in the fluorescence anisotropy during the 2
incubation of Y39Wo-synuclein. (A) Data for the supernatant; the
decrease in anisotropy was fit to a single exponential. (B) Data for
the mixture.

significantly more buried in the fibrils. There was a small,
progressive blue shift in thignax of the pellet with increasing
time, suggesting the possibility of small changes in fibril

Wavelength (nm)

Ficure 7: Changes in ANS binding during incubation of Y39W

- - . _o-synuclein. (A) Plot ofima vs time for ANS fluorescence, for
morphology as time progressed, probably reflecting associa the mixture, fits a sigmoidal curve and shows no significant blue

tion between fibrils, e.g., clumping, as observed in EM shifts over the period corresponding to the lag time. B¢
Images. normalized ANS fluorescence emission spectra for the incubation

P . superimposable spectra. Blue shifts start occurring during the period
AccessibilityWhen aliquots of the Y39Vgupernatantvere corresponding to fibril formation and growtk40 h). The time

removed at various time points during the incubation and gcale covered by the spectra is-D08 h, with the blue shift
mixed with acrylamide to measure solvent exposure of Trp increasing with time.

39, atime-dependent increase in the Steévoblmer constant

(Ksy) was observed, reaching a maximum at the end of the were used for intrinsic fluorescence and quenching measure-
lag phase (Figure 5A). This corresponds to the Trp becomingments. Over the course of the first 40 h, the anisotropy
more exposed as aggregation proceeds during the lag timeshowed a first-order decrease (Figure 6A). The decrease in
If we assume that the supernatant is composed of monomersnisotropy is rather surprising, since it could suggest a

and soluble oligomers (see below), this chang&Jnwith decrease in size of the aggregation species with increasing
time suggests increased solvent exposure of Trp 39 in thetime. However, the most likely explanation is that the
soluble oligomers. anisotropy reflects the local Trp mobility, and thus reflects

When the same quenching conditions were applied to increased mobility of Trp 39 with time, as the soluble
aliquots of the incubatiomixture(i.e., insoluble and soluble  oligomer species accumulates. This result is supported by
material), theks, underwent an initial increase, as seen with the acrylamide quenching experiments which also showed
the supernatant, followed by a major decrease, to a value ofa gradual increase in solvent accessibility of Trp with time.
1.8 M1 after 108 h, demonstrating that the Trp is buried in The anisotropy of the incubatiomixture showed the
the insoluble material (Figure 5B). Thus, the acrylamide anticipated increase (doubling over the period from 0 to 100
guenching data also indicate that formation of fibrils leads h) (Figure 6B), indicating either increased size of the
to burial of Trp 39. The SteraVolmer plots for the fluorescent species and/or decreased mobility of Trp 39.
supernatant as a function of time are shown in Figure 5C. (D) Changes in ANS Binding during AggregatidrAnili-
There were no significant changes in the static quenching nonaphthalene-8-sulfonic acid (ANS) displays enhanced

componentKs) as a function of incubation time. fluorescence and a characteristic blue shift in its fluorescence
(C) Fluorescence Anisotropy Changes during Aggregation. emission maximum from-515 to~475 nm when bound to
The fluorescence anisotropy of theupernatantof the protein hydrophobic surfaces and is especially useful in

incubation mixture was measured on the same samples thatletecting partially folded conformations. Thgax of ANS
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wao Ficure 9: Formation of dityrosine in the soluble fraction during
g the incubation of Y39Wa-synuclein, monitored by dityrosine
fluorescence. (A) Dityrosine emission spectra as a function of time

g o i = . s of incubation (see data point times in panel B) with excitation at

310 nm. The intensity at thénax 410 nm, is plotted against time

| TR e of incubation in (B). Fibril formation is complete before significant
merees €S dityrosine fluorescence is detected. No dityrosine was detected in

the insoluble fibrils.

and fibrils start to form (Figure 7). This demonstrates that
ANS also binds to the fibrils and suggests an increased
hydrophobic environment for ANS when bound to the fibrils
and hence a very different conformation in the fibrils
compared to the early oligomers. When the soluble material
from aliquots was separated by centrifugation, the initial
emissionimax Of 475 nm decreased to 465 nm by 12 h and
remained there for the remainder of the incubation; parallel
changes in intensity were also observed, with a 25% decrease
in intensity from the monomer to the oligomeric intermedi-
ate(s).

(E) Oligomer Formation Monitored by Dynamic Light
Scattering. To confirm the oligomeric state of Y39W

o i . ) ) o-synuclein during incubation at 37C, pH 7.4, we
Ficure 8: Dynamic light scattering analysis of Y39W incubation —qpjtored aliquots of supernatant with dynamic light scat-
of supernatants reveals oligomeric intermediates. (A) Buildup of

oligomers begins during the early stages of the lag phase, monitoredte,r”"g (Figure 8). The initial aliquot shovv_ed onl)_/ monomer,
by scattering intensity. (B) Scattering data presented as a fractionWith Rs= 3.1+ 0.2 nm; however, 3 h oligomeric species
of the total protein mass present as oligomers during the incubationwith Rs = 22 4+ 2 nm were observed (Figure 8C); with
of Y39W. (C) Scattering traces, as mass fraction, during the increasing time of incubation both the size and the size
incubation of Y39W. The smaller radius peaks correspond to distribution (i.e., the polydispersity) of these oligomers
monomeric Y39W. . 7

increased somewhat. As shown in Figure 8B the concentra-
binding to aliquots from the incubatiomixture of Y39W, tion of these oligomers reached a maximum around 18 h
sampled at various time points, followed a sigmoidal profile, (15% by mass of total protein) and then decreased. The lag
a mirror image of the ThT fluorescence curve. The signal time, measured by ThT in this experiment, was 25 h, due to
remained constant at475 nm for the first 40 h, correspond-  slightly different incubation conditions. After completion of
ing to the lag time and consistent with rapid initial formation fibrillation as monitored by ThT, smaller oligomeric species
of a partially folded conformation (probably initially mon-  were still present in the supernatant, wikh= 12—15 nm.
omeric and subsequently the oligomeric intermediate; seeFigure 8A shows the mass fraction of oligomer and monomer
below) that binds ANS (Figure 7). The emissidlhax during the lag time period and indicates that the oligomers
undergoes a significant blue shift once the lag time is over are only a small fraction of the total soluble protein.
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Scheme 1
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(F) Formation of Dityrosineln preliminary experiments
examining the intrinsic Trp fluorescence of the supernatant
at long time periods we noted evidence for the formation of
dityrosine. To ascertain if dityrosine was indeed being formed,
we monitored dityrosine fluorescence for both supernatant
and pellet as a function of incubation time. The data show
that significant dityrosine formation occurs at long time
periods, after fibrillation is complete (Figure 9). There was
negligible fluorescence from dityrosine at 50 h, the end of
the lag period, and very little signal at 100 h, after completion
of fibril formation. However, significant dityrosine was
evident by 120 h. Dityrosine arises from oxidation and is
produced by covalent bond formation between two Tyr side
chains involving tyrosyl radicals. No dityrosine fluorescence
emission was observed in the fibrils at any times. Thus, the
dityrosine must arise from the soluble material present after
completion of fibrillation. It is interesting that the kinetics
of dityrosine formation are sigmoidal (Figure 9B); the origin

M +—= Intermediate
“

Nucleus — Fibrils

of such complex kinetics are not apparent at this time, except

that detectable concentration of the late oligomer does not
occur until after the lag period is over.

DISCUSSION

Incorporation of Trp intax-synuclein permits the use of
a variety of new techniques, including solvent accessibility

Biochemistry, Vol. 45, No. 8, 200759

(the early oligomers). The data do not allow us to distinguish
whether these oligomers transform directly into fibrillar
material or dissociate to monomers that then add to the
growing fibrils. Even after fibrillation is complete, as
indicated by no further increase in ThT signal, there is still
some solublex-synuclein present{15%). This material is

at least partly oligomeric, based on SEC HPLC data, and
could correspond tax-synuclein molecules that became
oxidized, either at Met or at Tyr, or, alternatively, to stable
associated states of the partially folded intermediate that
became “entangled” and are unable to dissociate and go on
to form fibrils.

Both the emissioinaxand the acrylamide quenching data
for the monomer and the early oligomers indicate that Trp
39 is in a polar environment and probably fully exposed to
the solvent. Time-resolved FRET has recently been used to
monitor the conformation of monomeric-synuclein using
a set of donor Trp and nitrated Tyr acceptor pair@(One
of these pairs involved a Trp at position 39 and a nitrated
Tyr at position 19. The properties of the Trp in this variant
were consistent with a highly mobile, solvent-exposed
residue, as confirmed in the present study.

The Trp 39 is in the middle of the third repeat of
o-synuclein. Its solvent exposure in the early oligomer
indicates that this region of the protein is not only on the
surface of the initially formed amyloidogenic partially folded
intermediate but also in the subsequent associated state in
the oligomers. The acrylamide quenching data for the
supernatant show a gradual increase in the Stéoimer
slope,Ks, during the lag phase, pointing to an increase in
the exposure of the Trp with time. Presumably, this reflects
changes in the local Trp 39 environment in the early
oligomeric intermediate. Previous studies have shown that
although the monomer ad-synuclein is significantly un-

probes such as intrinsic fluorescence emission and acrylamidefolded, it does possess limited structure and compactness
quenching, the presence of oligomers and the kinetics of their(30—34), and the FTIR data reported here for monomeric
formation via fluorescence anisotropy, and changes in Y39W a-synuclein suggest increased structure in the Trp
compactness via FRET. The use of a variety of complemen-variant; thus, a change in Trp mobility could reflect a change
tary spectroscopic techniques allowed us to obtain informa- in the local structure about the Trp.

tion about the transient intermediate species during the The decrease in fluorescence anisotropy implies either an
fibrillation of Y39W a-synuclein. Interestingly, substitution increased rotational correlation time due to a decrease in
of Tyr 39 by a Trp leads to a decrease in fibrillation rate, as molecular size or an increase in fluorophore mobility. The

well as a small increase ifi-structure in the intrinsically
disordered monomer, compared to wild-typesynuclein.

two most likely possibilities are an increase in the mobility
of Trp 39 in the oligomeric intermediate or decreased size

There have been several recent reports regarding thedue to formation of the compact partially folded monomeric

conformation of monomeria-synuclein. NMR studies show
that monomerica-synuclein is unfolded in solution but
exhibits very rapid structural fluctuations including regions
with a preference for helical conformatio24 25). The

intermediate.

The Trp fluorescence emission of the fibrils has a blue-
shifted Amax cOmpared to the monomer, indicating that Trp
39 is in a more nonpolar environment; however, fhax

transient structures are stabilized by long-range interactionsvalue of 346 nm suggests that the Trp environment is still

that fluctuate on the time scale of secondary structure
formation during folding. Residue 39 in the monomer is in
a region that becomes helical on binding to lipids grgheet

in fibrils (26, 27).

in a somewhat polar environment. This could mean that Trp
39 is on the surface of the fibrils or that it is buried but
surrounded by a significantly polar environment.

In summary, replacement of Tyr 39 by Trpdasynuclein

In the present study, several probes indicate the existencdeads to slightly slower nucleation and slower fibril elonga-

of a transient oligomeric intermediate(s) formed during the
lag phase, prior to significant fibril formatior28). Scheme

1 shows our interpretation of the data in terms of a kinetic
pathway fora-synuclein aggregation. The monomer (M)
initially forms a partially folded intermediate28, 29) that
partitions between the nucleated polymerization pathway
leading to fibrils and off-pathway oligomeric intermediates

tion, probably reflecting the changed hydrophobicity of the
protein. The fact that changing one Tyr residue to one Trp
leads to a 2-fold change in fibrillation rate indicates that very
small changes in the physical propertiesxe$ynuclein can
have major effects on the kinetics of fibril formation, which,

in turn, suggests a very finely balanced system. Characteriza-
tion of monomeric Y39W shows that it is somewhat more
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structured than the WT monomer, e.g., incregsetructure

by FTIR. The fluorescence properties of the Trp variant
demonstrate that Trp 39 is at least partially buried in the
fibrils but solvent-exposed in the soluble species during
a-synuclein aggregation and has increased local mobility
during the lag phase compared to the monomer. ANS binding
data also suggest a partially folded conformation throughout

the

lag phase. The dynamic light scattering results show the

transient buildup of an oligomer during the lag phase, which
subsequently decays. A smaller sized oligomer is observed
during and after fibril formation. Maximum concentrations
for both oligomers were around 15% of total protein. As
the WT and Y39W proteins were shown to have very similar
structures and fibrillation behavior, the results with Y39W
a-synuclein can be extended to the WT as well.
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