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ABSTRACT. Parkinson’s disease (PD) is characterized by the accumulation of fibwdEmuclein (-

Syn) inclusions known as Lewy bodies (LBs) and Lewy neurites. Mutations int8gn gene or extra
copies thereof cause familial PD or dementia with LBs (DLB) in rare kindreds, but abnormal accumulations
of wildtype a-Syn also are implicated in the pathogenesis of sporadic PD, the most common movement
disorder. Insights into mechanisms underlyogyn mediated neurodegeneration limkSyn oligomer-

ization and fibrillization to the onset and progression of PD. Thus, inhibitirfsyn oligomer or fibril
formation is a compelling target for discovering disease modifying therapies for PD, DLB, and related
synucleinopathies. Although amyloid dyes recogriz8yn fibrils, efficient detection of soluble oligomers
remains a challenge. Here, we report a novel fluorescence polarization (FP) technique for examining
o-Syn assembly by monitoring changes in its relative molecular mass during progression of aesymal

from highly soluble monomers to higher order multimers and thence insoluble amyloid fibrils. We report
that FP is more sensitive than conventional amyloid dye methods for the quantification of mature fibrils,
and that FP is capable of detecting oligomeriSyn, allowing for rapid automated screening of potential
inhibitors of a-Syn oligomerization and fibrillization. Furthermore, FP can be combined with an amyloid
dye in a single assay that simultaneously provides two independent biophysical readouts for monitoring
o-Syn fibrillization. Thus, this FP method holds potential to accelerate discovery of disease modifying
therapies for LB PD, DLB, and related neurodegenerative synucleinopathies.

Aggregates of misfolded proteins are features of aging- 13). Indeed, these and subsequent insights into the normal
related neurodegenerative disorders, and deposits of mis-biology of a-Syn and the role of-Syn pathologies in
folded disease-specific proteins form signature lesions of neurodegeneration are reorienting the design of drug dis-
Alzheimer's disease (AD), Parkinson's disease (PD), and covery efforts for PD and related synucleinopathies to focus
related conditions. For example, the neuropathological on targets related te-Syn misfolding, oligomerization, and
hallmarks of PD, the most common neurodegenerative fibrillization (5).

movement disorder, are neu_ronal inclusions known as Lewy Understandingt-Syn fibril assembly is increasingly criti-
bodies (LBs) and Lewy neurites (LNs) formed by accumula- ¢ for the discovery of disease modifying therapies for PD
tions of a-synuclein @-Syn) fibrils (1, 2). The precise  anq related synucleinopathies, but integral to these efforts
function of a-Syn is unknown, as are the mechanisms by s the availability of sensitive, reliable, and accessible
which it mediates the dysfunction and degeneration of methods for distinguishing soluble (monomeric and oligo-
neurons. LBs and LNs also define an AD-like cognitive eric) and insoluble (amyloid and non-amyloid) forms of
disorder known as dementia with LBs (DLB) whileSyn gy This is particularly challenging becauseSyn is a
fibrils accumulate in glial cells to form the signature peqigiaple, natively unfolded protein with no well-defined
inclusions of multiple system atrophy, a rare PD-like 5ty for monitoring changes in the biophysical state of
movement disorder3( 4). Hence, these and other neurode- 4rma1q-Syn as it converts to pathological soluble oligomers
generative disorders characterized by fibritaSyn amyloid 54 insoluble fibrils {4, 15). Currently established screening
lesions are known as synucleinopathigs ( methods for anti-fibril agents utilize traditional amyloid
Multiple lines of evidence implicate misfolding, oligo-  binding dyes such as Thioflavin T (ThT), Congo Red, and
merization, and fibrillization ofa-Syn in mechanisms of  derivatives thereof such as K1146}, but all these share
neurodegeneration in PD, DLB, and related synucleinopathiesthe limitation of having variable and ill-defined amyloid
(6—10), a revolution in mechanistic understanding which was pinding sites {7, 18). Furthermore, they are susceptible to
initiated by the identification of mutations in the gene optical and fluorescence interference, and they fail to detect
encodinga-Syn as well as by the demonstration thaSyn pre-fibrillar intermediates. Although other methods such as
is the principal component of filamentous LBs and L& electron microscopy (EM), filter traps, and sedimentation
analysis have relevant applications for monitoring amyloido-
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Increasingly, attention has focused on non-fibrillar oligo- in low-volume 384-well polycarbonate plates (Nunc, Roch-
merica-Syn as a possible source of toxicity in PED(21). ester, NY) (2QuL per reaction) or in 20@L microcentrifuge
Oligomeric intermediates have been described using spectubes (100uL per reaction) at 37C in an orbital mixer
troscopic technigues, immunological detection, size exclusion providing constant agitation at 1000 rpm.
chromatography, and atomic force microscoy 10, 14, For experiments designed to test inhibitors of fibrillization/
22_24) HOWeVer, these methods are ardUOUS, difficult to Oligomerization, reactions Containing 2 mg/ml__Syn were
quantify, and often require specialized equipment. The performed in potassium acetate buffer (50 mM, pH 7.0)
application of fluorescence correlation spectroscopy for containing 50 mM KCI and 5 mM MgG! Dopamine
examiningo-Syn assembly in vitro has been report@g)( hydrochloride, dihydroxy-I-phenylalanine (L-DOPA), epi-
but it remains uncertain if this method detects smaller nephriney norepinephrine, and baicalein were obtained from
intermediates. Thus, there is an Urgent need for more S|gma (St LOUiS, MO) and dissolved in DMSO just prior to
effective and scalable methods for rapidly monitorigyn addition to assembly reactions. Inhibitors were used at a final
oligomerization and fibrillization. concentration of 56200 uM. Accompanying reactions

As free rotation of fluorescent moieties in solution is containing an identical concentration of DMSO (2%) were
inversely proportional to relative molecular mass, processesincluded as controls.
that affect the movement of a fluorescently tagged object, ThT and K114 AssaysAt various time points, 1QiL
e.g., association into larger complexes, can be effectively gjiquots were removed from reactions and mixed with 100
monitored using fluorescence polarization (FP) technology ;| "of glycine (100 mM, pH 8.5) containing 2QM
(26). Hence, we hypothesized that free rotation of fluoro- Thioflavin T (ThT; Sigma), an amyloid specific binding dye.
phore-linkeda-Syn would be hindered during the course of Fyorescence intensity was read at 470 nm/510 nm (ex/em;
assembly as monomers associate to form larger intermediategtoff 495 nm) using a Spectramax M5 plate reader (Mo-
and ultimately insoluble fibrils. We report here that changes |ecylar Devices, Sunnyvale, CA). Parallel aliquots from the
in FP of labeledx-Syn during assembly can be effectively  same reactions were also added to 400 (transtrans)-1-
monitored by this method. Moreover, FP is not only more yromo-2,5-bis-(4-hydroxy)styrylbenzene (K114), a highly
sensitive than the amyloid dyes tested here for the detectionsensitive amyloid binding dyelF), in 100 mM glycine (pH

of mature fibrils, but it also recognizes solubte-Syn 8.5), and fluorimetry was performed at 380 nm/550 nm (530
oligomers in addition ta-Syn fibrils. Therefore, this method  m cutoff) as previously describedd).

represents a novel tool for drug discovery focused on

S . Fluorescence PolarizationFor FP experiments, fibril
inhibiting a-Syn polymerization.

assembly reactions were performed as described above with
labeleda-Syn added at a final dye to protein ratio of 1:250
EXPERIMENTAL PROCEDURES to 1:100. Unlabeledo-Syn was adjusted to maintain a
Protein Purification.Recombinant wild type (WT) human  constant concentration of 1 mg/mL totalSyn. Fluorescence
o-Syn was expressed iBscherichia coliBL21-RIL (Strat- in both perpendicular and parallel planes was recorded at
agene, La Jolla, CA) and purified as previously described various time points during reactions using a Spectramax M5
(27) with minor modifications. Briefly, clarified lysate was  reader (average of 100 measurements/sample). Oregon Green
separated by gel filtration following precipitation of heat- and Alexa Fluor 594 labeled-Syn were detected at 490/
sensitive proteins by boiling. Fractions containingSyn 525 nm and 590/620 nm, respectively. After subtraction of
were then pooled and eluted over a-0110 M NaCl gradient ~ background fluorescence, FP values were calculated and
from a HiTrap Q column (GE Healthcare, Piscataway, NJ) expressed as change in milli-polarization unisnP) relative
equilibrated with Tris (50 mM, pH 7.5). Protein purity was to free labeled monomer.
assessed by Coomassie blue staining. Proteins were dialyzed Sedimentation and Immunoblot Analysesactions were
into 50 mM Tris (pH 7.0, containing 100 mM NaCl), subjected to ultracentrifugation (100 @f)Gor 30 min over
concentrated, and stored &80 °C in aliquots until used.  a sucrose cushion at*C. Both the pellet and supernatant
Protein concentrations were measured using a BCA proteinwere recovered and separately measured for Oregon Green
quantification kit (Pierce, Rockford, IL) with bovine serum or Alexa Fluor Red fluorescence. Samples were then
albumin as a standard. re-suspended in SDS sample buffer, boiled for 10 min, and
Fluorescent Labeling ofx-Syn. Labeling with Oregon separated by SDS-PAGE (15%). Proteins were revealed by
Green 488 or Alexa Fluor 594 was achieved by reacting staining with Coomassie blue.
succinimidyl-ester forms of the dyes with purifiedSyn. Negative-Stain EM and Immuno-EMFor EM, assembly
Following dialysis against phosphate buffered saline (PBS), reactions were adsorbed onto 300-mesh carbon-coated copper
a-Syn was labeled with the Oregon Green 488 or Alexa Fluor grids and negatively stained with 1% uranyl acetate. For
Red 594 labeling kits (Molecular Probes, Eugene, OR) immuno-EM, grids were incubated with primary antibodies
according to the manufacturer’s instructions. The concentra- ggainsto-Syn (SNL-1, 1:100) or Oregon Green 488 (mono-
tion of a-Syn was titrated to achieve a labeling molar ratio clonal anti-fluorescein; Molecular Probes, 1:200). Grids were
of ~1:10 (dye to protein). Unbound dye was removed by visualized after incubation with colloidal gold-conjugated (10
extensive dialysis into 50 mM Tris (pH 7.0). or 16 nm) secondary antibodies against rabbit or mouse
Fibril Assembly ReactionsPurified a-Syn was passed immunoglobulins, respectively (1:20) (Aurion, Wageningen,
through a 0.22um cellulose acetate filter to remove any The Netherlands), and negative staining on a JEOL 1010
aggregates and was then diluted to a final concentration oftransmission electron microscope. Images were captured with
1 mg/mL (~72 uM) in assembly buffer (50 mM Tris, 100  a digital camera (Hamamatsu, Bridgewater, NJ) using AMT
mM NaCl, pH 7.0). Fibril assembly was performed either acquisition software.



12524 Biochemistry, Vol. 46, No. 44, 2007

WT 488
s p s p s
oh| @ ¢ e
%h mwrw 9
S p s p s
WT 488 594
Cad
5 200
g
g 1501 a-Syn48s
§ 1001
" |
[
0- —
oh 96h
_ 2507
i 200
8
g 1507 -Syn®%
g 100-
£ s
o
- ~ W

96h

o & ‘:...{" -
Ficure 1: Aggregation of fluorescently labelettSyn. (A) Assembly reactions

Luk et al.

488

containing only W&FSyn or WT a-Syn spiked with

eithero-Syr88 or o-SyrP%* (1:200 final dye to protein ratio) were performed in low volume 384-well plates. At 0 or 96 h after incubation

and agitation, products were separated by SDS electrophoresis (15%) following centrifugation. Distribution of protein between the supernatant
(s) and pellet (p) fraction was comparable for all three conditions at the time points examined. (B) Fluorescence intensity of supernatant (s)
and pellet (p) fractions in reactions containingSyr'e8 or a-SyrP%, showing that labeled-Syn partitions in a manner similar to unlabeled

o-Syn in both unassembled (0 h) and completed (96 h) reactions (data represents 8Bam= 3). (C—J) Negatively stained EM views

of assembly reactions containing WiFSyn oro-Syrf'88 at various time points. Fibrils with similar morphology were observed in reactions
containinga-SyrP% (data not shown). Scale bars:—€l, 500 nm; | and J, 100 nm.

RESULTS

Fluorescent Labeling ofi-Syn.In order to facilitate real-
time, nondestructive detection ofSyn in vitro, we inde-
pendently labeled purified recombinamtSyn using either
of two fluorescent dyes with distinguishable spectral proper-
ties. Incubation of the reactive succinimidyl esters of either
Oregon Green 488 or Alexa Fluor 594 respectively yielded
o-Syr88 and a-SyrP%. In addition to their photostability
relative to traditional dyes such as fluorescein, both fluoro-
phores exhibit minimal fluctuation at neutral pH valugs)(

To minimize possible interference with fibril assembly,
labeling was performed to ensure that the final dye:protein

(Figure 1A). In agreement with this finding, the bulk of
detectable fluorescence intensity shifted from the soluble

fraction & O h to theinsoluble fraction at 96 h by the same

extent in botho-Syrf®® or a-SyrP% reactions (Figure 1B).
Changes in total fluorescence intensity were minimal, in
agreement with previous studie25}, suggesting minimal
photobleaching and that the labeled residues are not seques-

tered within the hydrophobic fibril core2).

To determine whether aggregates contaimin8yn'®® and
o-SyrP? resembled typical amyloid fibrils formed by WT
o-Syn alone, reaction products from assemblies performed
in 384-well plates were examined by EM at multiple time

molar ratio did not exceed one. Despite the small quantities points (Figure 1€-J). At incubation times of 0 and 20 h,

of attached fluorophore, labeled-Syn could be readily

neither unlabeled nor fluorescent-Syn assembled into

detected by spectrophotometry at sub-micromolar concentra-structures discernible by EM. However, after 96 h incubation,

tions, providing sufficient sensitivity for subsequent assays.

Fluorescent Taggedi-Syn Assembles into FibrildVe
determined whether fluorescently conjugate&yn species
share similar in vitro aggregation properties with unlabeled
WT a-Syn by comparing reactions initially containing
monomeric WTo.-Syn with those spiked with small quanti-
ties of a-Syrf® or a-SyrP® In reactions containing only
WT a-Syn, the majority ofa-Syn could be sedimented
within 96 h of incubation and agitation, reflecting the
formation of aggregates (Figure 1A). Likewise-Syn
predominantly partitioned into the insoluble fraction after
96 h in reactions containing either-Syr® or a-Syrp%

negative staining EM revealed abundant rod-like structures
(10—14 nm diameter) typical of amyloid fibrils that were
indistinguishable between unlabeled an&yr®-containing
samples (Figure 26J). Similar fibrils were also observed

in reactions containingx-SyrP®* (data not shown). Col-
lectively, these findings demonstrate that the covalent
addition of a small fluorescent tag does not interfere with
efficient a-Syn fibrillization. Moreover, the similar time
course for appearance of fibrils in reactions containing
o-Syrf88 (Figure 1D,F,H) or unlabeled-Syn alone (Figure
1C,E,G) indicate that they share comparable assembly
kinetics and fibril morphology.
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conditions. Taken together, these data demonstrate that WT
and labeledx-Syn readily co-assemble into amyloid fibrils
comparable to those formed by the unmodified wildtype
protein alone.

Monitoring Fibril Assembly Using FRChanges in the free
rotation of fluorescent moieties in solution can be readily
detected using FP. Rapid rotation correlates with a reduction
in polarization, whereas decreased rotation results in higher
polarization. In turn, rotation is inversely proportional to
relative molecular mass, so that processes which affect the
movement of a fluorescently tagged object, e.g., assembly
into larger intermediates, can be effectively monitored using
FP @6, 31). Consistent with our initial hypothesis, FP values
of reactions containing either-Syrf®8 or a-SyrP**increased
during the course of assembly suggesting a substantial
increase in the molecular size of the complex containing the
fluorescent protein (Figure 3A). Polarization values in
a-Syrf® reactions closely matched thosewSyr* reac-
tions throughout the entire timecourse, indicating that both
labeled proteins behaved in a similar fashion.

To further investigate whether this change in FP correlated
with the progression of monomer to various multimeric
species, we concommitantly monitored amyloid fibril as-
sembly during this period in botl-Syrf® and a-SyrP%
reactions using ThT and K114, two well-established amyloid
binding dyes with distinct binding propertiesg 18, 32).
Since ThT and Alexa Fluor overlap minimally in their
fluorescence spectra, we were able to directly simultaneously
collect both FP and ThT data from samples. To ensure
labeleda-Syn did not interfere with readings from amyloid
dyes ino-Syrf®8reactions, ThT and K114 fluorescence were
measured in parallel samples. As expected, both ThT and
K114 measurements exhibited similar exponential rises in
fluorescence intensity preceded by a lag phase ef480h
(Figure 3B,C) and consistent with a nucleation-dependent
process described for assembh. (Interestingly, increases
in FP were observable within approximately 20 h after

T o A a8 ) 94
FiGURE 2: a-Syn*® and o-SyrP%* are incorporated into fibrils. |n|t|at'|on Of. th.e. reaction In botho-Syrf®® and o-SyrP
Immuno-EM images of fibrils from samples containingSyrfe8 reactlons—5|gn|f|c§mtly earher_ than the end of the lag phase
after 96 h: (A) single immunogold labeling of Oregon Green 488 as detected by either amyloid dye, suggesting that FP may
using an antibody against fluorescein (arrowheads) indicating the be detecting an intermediate or pre-fibrillar speciea-&yn

presence of fluorescent dye on individual synuclein fibrils; (B, C) that is not recognized by amyloid dyes like ThT and K114.

double immunogold labeling of Oregon Green 488 (arrowheads) ; : - : A
anda-Syn with SNL-1 antibody (arrows0) on individual fibrils. Alternatively, FP may recognize fibrils with more sensitivity

Material from reactions containing Wa-Syn with eithero-Syrf'38 than either ThT or K114. .
(D) or a-SyrP* (E) visualized using conventional fluorescence  To resolve this issue, we used EM to examinedh8yn

microscopy using appropriate filters revealed aggregated fibrillar species at different times of incubation. Significantly, numer-
structures. Scale bars 100 nm for A-C; 5 um for D and E. ous spherical species could be observed at 30 h corresponding
Labeleda-Syn Is Incorporated into Fibrilsie examined to an intermediate FP value but ndttah (Figure 3D,E). In
whether labeled-Syn molecules were incorporated into the contrast, fibrils were profuse at 72 h at which time FP values
fibrils observed by EM. Immunostaining using specific had reached a plateau (Figure 3F), suggesting that oligomers
antibodies recognizing-Syn (SNL-1) B0) or Oregon Green  are sensitive to detection by FP. Together with the observa-
488 (anti-fluorescein) revealed immunogold particles along tion that maximal FP values{150 mP units above mono-
the axis of individual fibrils in 96 h samples containing mer) were attained approximately 50 h after initiation before
o-Syrf88 demonstrating that-Syrn*®was incorporated into  saturation of ThT fluorescence, this likely reflects the upper
filaments (Figure 2A). Double immuno-EM for Oregon detection limit for this method. However, since our method
Green (arrowheads, large gold particles) anflyn (arrows, provides the collective FP value for each sample rather than
small gold particles) confirmed these@sSyn fibrils (Figure of individual a-Syrf®-containing complexes, the relative
2B,C). Abundant fibrillar structures could also be visualized contributions by monomer, oligomer, and fibrils to the
in reactions containing-Syn*& or o-SyrP** by conventional observed FP should be considered. In addition, although
fluorescence microscopy at high magnification (Figure 2D,E), increases in FP correlate with molecular mass, the relation-
even though the concentration of labeleéyn represents  ship may not be a linear one owing to the nonparametric
less than 1% of that required for fibril formation under these nature of the measurements.
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exclusion chromatography, a technique that effectively
isolatesa-Syn monomers, dimers, and soluble oligom&6; (

24, 33). After a short centrifugation step to eliminateSyn
fibrils, the soluble fraction was loaded onto the column and
Oregon Green fluorescence intensity was used to monitor
o-Synt® in fractions eluted from the soluble phase of
reactions at 0, 6, 16, and 30 h (Figure 4A). While a single
population, representing monomer, was detected following
separation of 0 x-Syt reactions, multiple species with
reduced elution times were detectable at subsequent time
points (6, 16, and 30 h), indicating the presence of both
monomeric and oligomeria-Syrf® as reactions progressed.
Interestingly, the main oligomeric peak in these reactions
eluted slightly earlier than-Syrf*8 preparations containing
dopamine, which generates stable soluble oligomers, indicat-
ing that the former may represent a larger soluble species.

FP analysis of individual fractions revealed a clear
correlation between molecular radius (elution time) and
increase in FP (Figure 4B). In contrast to monomeric species
which exhibited baseline values at all reaction times exam-
ined, FP values increased with mass in other fractions
containing a-Syn*® Maximal FP values from soluble
samples £135 mP) were observed in species eluting close
to the void volume, indicating that this assay can readily
distinguish o-Syn oligomers from monomers. Fractions
containing dopamine stabilized oligomers exhibited slightly
lower FP values, in agreement with their order of elution
from the size exclusion column.

To confirm these fractions contained distinct forms of
o-Syn, fractions representative of monomers and higher
molecular-weight species were examined by negative-stain
EM (Figure 4C-F). We observed numerous spherical
oligomeric structures in representative fractions of oligomers
(eluting at 16-18 min) by EM following negative staining
(Figure 4C). Maximum diameters ranged from 15 to 35 nm
for these structures, comparable to that of spontaneously
occurringa-Syn oligomers as well as oligomers stabilized
by catecholamines2(, 34). In contrast, we could not
distinguish objects in later fractions (eluting at-382 min)
consistent with a preponderance of monomeric content

Ficure 3: Fluorescence polarization of labeledSyn. Changes
in the rotational state ofi-Syrf*88 or o-SyrP%* were measured by
FP as described in Experimental Procedures. Reactions wer ’
performed in 384-well plates, and individual samples were removed Or unlabeledx-Syn alone (Figure 4C,E and data not shown).
and measured at the indicated time points. (A) Changes in FP The observation that soluble oligomeric species with nearly

(Figure 4D). Comparable results were obtained from fractions
eSeparated from reactions containing eiteByrf®s, a-SyrP%,

relative to monomer AmP) in reactions containingc-Syn'88

(circles) or a-SyrP®* (triangles) over a 96 h incubation period . : _
indicating that FP increases significantly following assembly. Data be recapitulated with labeled-Syn further supports our

(means+ SD, n = 3) were fitted to a variable slope sigmoidal ~€arlier observation that the fluorescently tagged and untagged
curve using GraphPad Prism software. (B) Individual assembly a-Syn behave similarly.

reactions containing.-SyrP% from part A were also measured for P B . :
ThT fluorescence (diamonds, dashed line) over the course of Monitoring © Syn A_ssemb_ly_ Inh'.bltlon Using FFo .
assembly. FP from the same samples (solid line) is also shown. further ascertain its ability to distinguish between monomeric

(C) Unlabeled and:-Syrf88 assembly reactions were performed in  and oligomeric forms oé-Syn, we then used FP to monitor
parallel. ThT and K114 fluorescence was measured in unlabeledthe state of labeled-Syn in the presence of known inhibitors
samples and compared to FP values fatByrt® reactions at each o fipril formation. Althougho-Synt®8 anda-SyrF® display

time point. Data are expressed as mgaSEM from at least two - S 0
experimentsif = 3). Negatively stained EM ad-Syré8 reactions similar assembly characteristics under the conditions de-

at 0 (D), 30 (E), and 72 h (F) are shown, corresponding to the Scribed here, we selecteatSyrP®* in order to minimize
baseline, intermediate, and maximal FP values in part C. fluorescence interference arising in the green portion of the

spectrum that is typical of many compounds used in HTS
FP Detection ofx-Syn Oligomers and FibrilsTo further libraries. Additionally, we were able to exploit the absor-
establish that the observed increase in FP is due to thebance/emission range ofSyrp%, which allowed simulta-
formation of a-Synkx-Syrt®8 oligomers, we compared the neous detection of amyloid fibrils by using ThT within
FP values of differenia-Syn species separated by size individual samples.

identical morphological features and molecular mass could
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Ficure 5: FP detection ofa-Syn fibril assembly inhibition.
Reactions containingr-SyrP%* (100 uL) were incubated in the
presence of inhibitors of fibrillization or DMSO for up to 48 h in
microfuge tubes. Totak-Syn concentration was adjusted to 2 mg/
mL. At various time points, inhibition was quantified in individual
samples treated with norepinephrine (NE; 204), epinephrine
(EP; 100uM), dopamine (DA; 10Q:M), L-DOPA (DOPA; 50uM),

or baicalein (10Q:M) by ThT fluorescence (A). (B) Fluorescence
polarization measurements of the same reactions following incuba-
tion with compounds showing stabilization of multimeric intermedi-
ates by inhibitors. Results are expressed as the mean change in FP
+ SEM from two independent experiments= 3). Inhibition of

fibril formation was confirmed by electrophoresis and Coomassie
staining of soluble (s) and pelletable (p) material from each sample

©).

Assembly reactions containing-Syn (2 mg/mL) spiked
with a-SyrP% were separately incubated in the presence of
compounds previously reported to inhibit-Syn fibrils
through distinct mechanisms (Figure 5). Both catecholamines
(20, 35) and the flavinoid baicalein3g) have been shown
i to stabilize soluble oligomeric forms ofSyn while prevent-

FIGURE4: Correlation between FP and massieSyn species. (A)  INd the accumulation of fibrillar species. In the presence of
Samples containing 2 mg/mi-Syn were spiked witho-Syrf8 vehicle (DMSO) alone, assembly af-SyrP* produced
(1:200) and incubated for 0, 4, 16, or 30 h (represented by squaresaggregates withS-rich sheet structure as indicated by
triangles, filled circles, and open circles, respectively). At each time jncreased ThT fluorescence and turbidity. As expected,

point, 100uL of sample was spun briefly to remove fibrils and e : . . g
loaded onto a Superdex 200 column. Oregon Green 488 fluores-"’lddltIon of norepinephrine (2QaM), epinephrine (10aM),

cence intensity was quantified for each eluted fraction. The dopamine (10QuM), or L-DOPA (50 uM) resulted in a
separation profile of the-Syrfé8reaction following 48 h treatment  reduction of ThT fluorescence by over 98% after 72 h (Figure
with dopamine (DA-Syn) is also shown (diamonds). (B) Individual 5A). Similarly, the presence of 10@M baicalein also

fractions containingt-Syr*88 were measured for FP and plotted as prevented amyloid formation by 97% as measured by ThT
a function of elution time. FP values of monomeric fractions were fluorescence

within a narrow range (dotted line), whereas increasing the . . .
molecular size ofx-Syrf8 containing complexes correlated with ~ When the inhibition of a-Syn fibril formation was

higher FP values. (EF) Electron micrographs of monomer or examined using FP, initial FP values were comparable in
oligomer fractions negatively stained with 1% uranyl acetate at 16 the presence of all five compounds, indicating the lack of
h. (C, E) Early eluting fractions{16 min) from samples containing gy significant interference with the fluorescent label (Figure

unlabeleda-Syn or o-Syrf88 exhibited numerous objects 430 . . .
nm in diameter consistent with oligomers (inset). (D, F) Fractions 5B). In contrast to DMSO control reactions in whigtmP

corresponding to monomerie-Syn did not contain discernible ~ Values exceeded 100 by 24 h, samples containing baicalein
structures under these conditions. or catecholamines displayed only minor increase$Q mP),
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consistent with their ability to inhibit aggregation. However, Compounds that either inhibit or promote fibril formation
an intermediate increase in FP was observable by 48 h andhave been identified using ThT and Congo Red to monitor
remained constant at 72 h, suggesting the presence of nonin vitro fibrillization (19, 20, 36, 37). We show here that,
monomeric species containingSyrP®%. Consistent with ThT ~ similar to amyloid binding dyes, FP positively identified
and FP results, the majority @f-Syn remained soluble in ~ compounds that inhibit.-Syn fibrillization. Unlike ThT or

the presence of all compounds while the proportion of K114, FP can distinguish compounds that prevent nucleation
pelletable protein increased significantly in reactions contain- from those that inhibit elongation, including those that
ing only DMSO (Figure 5C). Given that sedimentation generate soluble multimeric intermediates. When combined
analysis and ThT precluded any significant quantity of with a suitable amyloid dye, FP allows the monitoring of
insoluble fibrils in the soluble fractions, and since previous the fibrillization process by providing simultaneous readouts
studies have demonstrated inhibition @fSyn elongation of both molecular mass and fibrillg#-sheet content. By
and not nucleation, the FP detected here likely reflects the employing fluorophores with spectral properties that do not
presence of soluble oligomers containiagSyrr®* formed interfere or overlap with ThT, we demonstrate that this
by modification with inhibitory compounds. Furthermore, strategy can be applied to assess the ability of compounds
the measured FP values fall within the range observed earlierto inhibit a-Syn fibril formation. By reading the samples at
for a-Syn oligomers (Figure 4B). Thus, FP faithfully reports two different wavelengths, anomalous results arising from
the state of labeled-Syn in the presence of compounds that optical (fluorescence) interference can be more easily
modulate fibrillization, including those which favor non- detected. The capability to monitor individual samples over

fibrillar intermediates as end products. extended periods in a real-time and nondestructive manner
is particularly useful given the considerable time required
DISCUSSION for a-Syn fibril assembly relative to other amyloidgenic

i roteins (e.g., £). The simplicity of this technique has also
We describe here a novel FP-based method that detecty,ijitated our efforts to scale the assay to a 384-well plate
oligomeric and fibrillar species af-Syn. Hence, FP canbe  ¢4mat Together, these properties make FP highly amenable
used to monitor the dynamic processoeByn fibrillization, to automation and large scale HTS screening of compound
a central event in the pathogenesis of PD, and an increasinglyipraries for potential modulators of-Syn misfolding. Since
compelling target for the discovery of disease modifying _gyn end products generated using this method are labeled,

therapies to treat PD and related synucleinopathies. Indeedggitional analysis by fluorescence microscopy is a potential
based on literature summarized above and reviewed else-

. ) option.
Wher_e 6), there are multiple reasons to target pathologlcal In summary, despite significant challenges to PD drug
species obi-Syn to develop more effective interventions for a

h disord Th h | : hods d ib iscovery, advances in PD research suggest that agents
these disorders. Thus, the novel screening methods describe esigned to inhibit or reverse the fibrillization and deposition

here are likely to accelerate the pace of these efforts. of a-Syn could have potential disease madifying effects. The
The FP method we developed depended on the detectionyealization of this drug discovery goal would certainly
of a-Syn by attaching photostable fluorophoresot&yn. revolutionize the treatment of PD thereby offering prospects
Notably, we demonstrate that labelecSyn and its unlabeled  for arresting or reversing the progression of PD as well as
counterpart share similar aggregation properties for the preventing the onset of this and related neurodegenerative
following reasons: (1) Aggregation of labeleeSyn exhibits synucleinopathies.
the same assembly kinetics as unlabeleslyn, characterized
by an extensive lag phase presumably reflecting nucleation. ACKNOWLEDGMENT
(2) Labeleda-Syn co-assembles with unlabeleeSyn into
fibrils with identical morphology as those formed by
unmodifieda-Syn alone. (3) No preferential incorporation
of either labeled or unlabelettSyn into fibrils occurred as
labeleda-Syn are detected throughout the length of the fibrils
and similar proportions were found in the aggregated
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