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ABSTRACT. The discovery of three mutants in thesynuclein ¢Syn) gene and the identification aSyn

as the major component of Lewy body have opened a new field for understanding the pathogenesis of
Parkinson’s disease (PDJSyn is a natively unfolded protein with unknown function and unspecified
conformational heterogeneity. In this study, we introduce four SerfAl@ys mutations at positions 9,

42, 69, and 89 in human wild-typgSyn (wt-aSyn) and two PD-associatedSyn mutants, A30RSyn

and A53TeaSyn. This allows expression of thre&yn mutants, weSyn(4C), A30PaSyn(4C), and A53T-
aSyn(4C). Subsequent oxidative folding enables es8iin(4C) mutant to form three partially stabilized
two-disulfide isomers, designated@Syn(2SS), that are amenable to further isolation and characterization.
ThesenSyn mutants exhibit the following properties. (a) A3@Byn(4C) exhibits a lower folding flexibility

than wtaSyn(4C) and A53TaSyn(4C). (b) All threeaSyn(4C) mutants, like wixSyn, exhibit a
predominant structure of random coil. However,a8yn(2SS) adopts am-helical conformation, whereas
A30P-aSyn(2SS) and A53TxSyn(2SS) take on significapitsheet structure. (c) A30RSyn(2SS) shows

a stronger tendency to aggregate than Ab&Eyn(2SS) and wetSyn(2SS). (d) Three isolated isomers of
wt-aSyn(2SS) exhibit a propensity for forming oligomers different yet enhanced versus that for wt-
aSyn. These data together substantiate the notion that under physiological conditions pt8ymaaxists

as diverse conformational isomers which exhibit distinct propensities for aggregation and fibril formation.

o-Synuclein ¢Syn) is a 140-amino acid protein, which Structurally,aSyn is intrinsically unstructured in its native
is enriched in the presynaptic terminals of neurons and is state, which means that under physiological conditions it
the major fibrillar component of Lewy bodies, a pathological lacks an ordered secondary structut&)( Thermodynami-
hallmark of Parkinson’'s disease (PO{L, 2). Its function cally, the natively unfolded wtxSyn must comprise a
has not yet been well established, though it might be involved mixture of heterogeneous conformational isomers that exist
in the regulation of dopamine neurotransmissi8n4) and in a state of equilibrium. In this equilibrium model, it is
the participation in a number of cell signaling pathways. Two generally believed that any shift of the equilibrium toward
different missense mutations in th&yn gene, corresponding  isomers ofSyn with a highly aggregative propensity would
to A53T and A30P substitutions imSyn, have been trigger or initiate the process of synucleinopathies. Therefore,
identified as being associated with familial early-onset PD there are two important challenges related to the protein
(5, 6). Recently, a new mutation, E46K, has been found to chemistry of synucleinopathies that need to be addressed:
be involved in the pathogenesis of PD and Lewy body (@) elucidation of the conformational heterogeneity of the
dementia 7). Furthermore, the production of wild-typeSyn natively unfo_ldedo_LSyn and (b) stabilization and isolation
in transgenic miceq) or of the wild type, A30P, and A53T  Of co.nformatlonal}somers coiSyn for further. structural and
in transgenic fliesg) leads to the motor deficits and neuronal functional evaluation. We carried out experiments to address
inclusions reminiscent of PD. Most recently, Singleton et th€se two issues. On the basis of our experience, diverse
al. reported that locus triplication iaSyn causes PDL(). conf_ormatlonal isomers ofa _denature_d pr_oteln can be trapped
All these findings indicate thatSyn plays a critical role in ~ @nd isolated using the technique of disulfide scramblirg). (
the pathogenesis of PD and several other neurodegenerativa NiS approach, however, is only applicable to proteins
synucleinopathies. contallnlng at least two disulfide bonds. Therefore, we created

mutations of human witSyn at Set, Sef?, Ala®®, and Al&°

by site-directed mutagenesis, replacing all the target sites
T The authors acknowledge the support of Protein Institute Inc. and wjith cysteine (S9C, S42C, A69C, and A89C, respectively)

the endowment from the Robert Welch Foundation.
* To whom correspondence should be addressed. Telephone: (713)to generate wixSyn(4C). Both Sérand Set” are not known

500-2458. Fax: (713) 500-2447. E-mail: Rowen.Chang@uth.tmc.edu. 10 be phosphorylated, and both Alaand Al#° are not
1 Abbreviations: wtetSyn, wild-typea-synuclein; A30PaSyn, Ale® reported to be the key amino acids for the structural

— Proa-synuclein; AS3TeSyn, Al&®— Thr o-synuclein; HPLC, high-  conformation and protein function. Since the acidic C-
performance liquid chromatography; GdmClI, guanidine hydrochloride;

DTT, dithiothreitol; MALDI, matrix-assisted laser desorption ionization;  t€rminal tail ofaSyn seems to be critical for its chaperone-
PD, Parkinson’s disease. like activity, which functions to prevent the accumulation

10.1021/bi062068i CCC: $37.00 © 2007 American Chemical Society
Published on Web 12/19/2006




Isomers of Humar-Synuclein Stabilized by Disulfide Bonds Biochemistry, Vol. 46, No. 2, 200603

of misfolded proteins13), and NMR spectroscopy studies one with reaction buffer. The cleaved proteins were further
of aSyn in solution have shown that its C-terminal part purified using HPLC. PurifiedxSyn proteins were lyophi-
remains free and unfolded4), we thus avoid introducing lized and stored at80 °C.

any modification into the C-terminal part to ensure that the  Oxidative Folding of Ala/Ser~ Cys Mutants ofiSyn.The
chemical nature of wixSyn(4C) is as close as possible to  pyrified mutant ofaSyn was first reduced and denatured in
that of wt-aSyn. Tris-HCI buffer (0.1 M, pH 8.4) containin6 M GdmCl and
Subsequent oxidative folding of wiSyn(4C) should in 30 mM dithiothreitol, to generate the starting material of
theory allow formation of three different two-disulfide folding, aSyn(4C). The reaction was carried out for 90 min
isomers of wteeSyn(2SS), which are amenable to further at 23°C. To initiate folding, the reducedSyn mutant was
isolation and characterization of their structural and aggre- passed through a PD-10 column (Sephadex-25, Pharmacia)
gative properties. These experiments were applied not onlyequilibrated in 0.1 M Tris-HCI buffer (pH 8.4), diluted
to wt-aSyn but also to two PD-associated mutants, A30P- immediately with the same Tris-HCI buffer to a final protein

aSyn and A53TelSyn. concentration of 0.5 mg/mL. The oxidative folding was
performed in this Tris-HCI buffer (0.1 M, pH 8.4) alone or
MATERIALS AND METHODS in the presence of CuSQ 1M). Folding intermediates were

trapped in a time course manner by mixing aliquots of the
sample with an equal volume of 4% aqueous trifluoroacetic
acid and analyzed directly by reverse-phase HPLC.

Nomenclature of Mutants and IsomersoeSynucleinTo
facilitate the description of various isomers and mutants of
a-synuclein throughout this paper, we take the following _ T
measures. (a) The naturally occurring mutations are added HPLC Analysis foraSyn. The purified isomers and
as a prefix. For instance, vaSyn, A30Pe.Syn, and A53T- mutants o_faSyn were purified and analyzed by HPLC using
aSyn represent wild-type, A30P, and A53Fsynuclein, the following conditions. The column was a Zorbax 300XB-
respectively. (b) The introduced Ala/Ser Cys mutations ~ C18, 250 mmx 4.6 mm, Sum model. Buffer A was 0.1%
are attached as a suffix. For example,a@yn(4C) and wt- ~ |FA In water. Buffer B was 0.086% TFA in a 9/1
aSyn(2SS) correspond to wtSyn with four Cys residues ace_tonltrlle/vyater mixutre (by volume). The _gradlent of
and two disulfides, respectively. (c) Amon$yn(2SS), there elution was linear fr_om 10 to 70% B over 30 min. The flow
are three possible disulfide isomers. These isomers areg'@té was 0.5 mL/min. The column temperature was'@3
distinguished by &c as a second suffix. For instance, wt- Characterization of Disulfide Structures of Two-Disulfide
oSyn(2SS)-a symbolizes isomer a of aByn(2SS). Isomers of wSyn(2SSHPLC-purified wtaSyn(2SS)-a-c

Plasmid ConstructionA neuroblastoma cell line, SH-  (1540) were digested with 1.9 of thermolysin (Sigma,
SY5Y, was cultured in DMEM/F12 medium (Gibco) con- Catalog no. P1512) in 3L of N-ethylmorpholine/acetate
taining 10% FBS (Hyclon) as described previoushy)( buffer (S0 mM, pH 6.4), or with Glu-C in 3QuL of
aSyn was obtained by PCR amplification of cDNAs that @mmonium bicarbonate buffer (50 mM, pH 8.0). Digestion
were generated by reverse transcription of total RNA isolated Was carried out at 37C for 16 h. Peptides were then isolated
from SH-SY5Y cells using TRIzol reagent (Life Technol). Py HPLC and analyzed by both MALDI mass spectrometry
The amplified products were cloned into pGEX5X-1 (Am- @nd Edman sequencing to identify peptide fragments con-
ersham Pharmacia Biotech, Piscataway, NJ) using Xmal andt@ining disulfide bonds.

Xhol. The full-lengthaSyn protein contains 140 amino acid Analysis of the Molecular Mass of Mutants and Isomers
residues. TwoaSyn mutants that are involved in the ofaSyn.The molecular masses aSyn mutants and isomers,
pathogenesis of rare familiar PD are A53T and A30P, which both unmodified and those modified with vinylpyridine and
have an Ala-to-Thr mutation at residue 53 and an Aal-to- iodoacetic acid, were determined with a MALDI mass
Pro mutation at 30, respectively. Detailed construct informa- spectrometer (Perkin-Elmer Voyager-DE STR) using 2,5-
tion and the primer sequences are available upon requestdihydroxybenzoic acid as a matrix. Molecular masses of
The sequence of the constructs was verified by DNA analyzed peptides were calibrated with the following stan-
sequencing. dards: bradykinin fragment (residues) (MH* 757.3997),

Expression and Purification of GSTtSyn Fusion Pro- ~ Synthetic peptide P14R (MH 1533.8582), and ACTH
teins. Expression of GSTaSyn fusion proteins in BL21  fragment (residues 1839) (MH" 2465.1989).

[F-ompT hsdSB(rBmB-) gal dcnj cells (Stratagene) was Assay of the Aggregation Rateadbyn Isomers by Western
induced with 0.5 mM isopropy#-p-thiogalactoside (IPTG)  Blotting. Aggregation of thexSyn isomer was performed in

for 4 h atroom temperature. The cultures were collected by PBS (pH 7.4) at room temperature or 3Z. The protein
centrifugation, and the bacterial pellets were resuspended inconcentration was 20M. At different time points (0, 1, and
Celllytic B bacterial cell lysis/extraction reagent (Sigma, 3 days), the samples were harvested for a Western blot assay.
catalog no. B-3553) containing protease inhibitors (Sigma, Equal quantities of the proteins from an equal volume of
catalog no. P8849). The GStiSyn fusion proteins were  each fraction were boiled in sample buffer for 5 min,
purified from crude cell lysates under nondenaturing condi- separated on a SDSAGE gel, and transferred to a
tions by selectively binding to glutathion&Sepharose 4B nitrocellulose membrane. The membranes were blocked with
beads (Amersham Pharmacia Biotech) as described previ-5% nonfat dry milk in PBST fo1 h atroom temperature,
ously (L6). The GST-aSyn fusion proteins bound to beads probed with the primary antibodies in 5% nonfat dry milk
were digested with factor Xa (1/100, w/w, Amersham overnight at 4°C, washed with PBS, and incubated with
Pharmacia Biotech) in reaction buffer [LO0O mM NacCl, 50 the an appropriate secondary antibody fo h at room

mM Tris-HCI, and 1 mM CaGl(pH 8.0)] at 25°C for 16 h temperature. The signals were detected using the enhanced
with gentle mixing following three washes with PBS and chemiluminescence assay (Amersham Life Science Inc.,
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aSyn mutants to form fully reduced vaSyn(4C), A30PaSyn-
(4C), and A53TeiSyn(4C). HPLC conditions are described in the

of one- and two-diuslfide isomers. Reduction converts all three
text.
instructions.

Assay of Fibrillation ofa.Syn Isomers by Fluorescence W-aSyn(2SS) A30P-aiSyn(2SS) AB3T-0Syn(2SS)
Measurementdzluorescence measurements were performed

according to the procedures described previousR).(In Ficure 2: Oxidative folding of wteeSyn(4C), A30PaSyn(4C), and

. . . A53T-aSyn(4C). The three fully reducedSyn mutants were
brief, the ThT fluorescence was recorded immediately 5 owed to refold in Tris-HCI buffer (0.1 M, pH 8.4) (AC) or in

following the addition of the aliquots of wt-Syn, wt-Syn-  the same Tris-HCI buffer containing Cu$Q uM) (D—F). The
(25S)-a, wt-Syn(2SS)-b, wt-Syn(2SS)-c, and collective iso- process of folding was trapped by sample acidification and analyzed
mers of wt-Syn(2SS), A30P-Syn(2SS), and A53T-Syn(2SS) by HPLC.

to the ThT mixture at different time points (0, 1, 3, and 7 . o

days). Measurements were performed af@7and pH 7.4. These results are reproducible and therefo_rg indicate that
The protein concentration was 1 mg/mL. The ThT fluores- A30P-aSyn(4C) has a lower folding capability than wt-
cence was excited at 450 nm, and the emission wavelength®SYN(4C) or A53TeiSyn(4C) under identical conditions.

M 4
a 4 — a ~
FIGURE 1: HPLC pattern of wieSyn(2SS), A30RxSyn(2SS), and J\JLJL b b
A53T-aSyn(2SS) following the process of expression and purifica- 8h sh 8&h
tion. The wild type and A53T mutants were isolated as three major
©) F)
M 1h Mﬂ
M M 4h
\/\."\L Fo ¢
8h

two-disulfide isomers. The A30P mutant was recovered as a mixture

Arlington Heights, IL), according to the manufacturer’s . M\\\
8h
o 8h

was 482 nm. The threenSyn mutants were treated with denaturant and
DTT to generate fully reduced species. They were then
RESULTS AND DISCUSSION analyzed by HPLC and MALDI mass spectrometry. On

HPLC (Figure 1), wtaeSyn(4C), A30PaSyn(4C), and A53T-

Rapid Purification ofo-Synuclein ProteinsTo developa  aSyn(4C) exhibit a retention time almost indistinguishable
simple method for expressing and purifyiogyn proteins  from that of wtaSyn, evidence of the similarity of their
for the biochemical and molecular studies in this experiment, chemical properties despite the insertion of four Ser/Ala
we utilized the pGEX expression system. In this expression Cys mutations. The observed molecular weights otuBtn
system, wild-type and mutatedsyn proteins were expressed [15230 (observed) vs 15229 (experimental)], a8yn(4C)
as GST-aSyn fusion proteins. We found that most of the [15325 (observed) vs 15325 (experimental)], A30Byn-
fusion proteins are present in the soluble state and almost(4C) [15350 (observed) vs 15351 (experimental)], and A53T-
undetectable in insoluble precipitates at room temperatureqSyn(4C) [15355 (observed) vs 15355 (experimental)] are
for 6 h. By selectively binding to glutathioneSepharose  in agreement with their expected molecular weight.
beads, GSTaSyn fusion proteins were purified at high Oxidative Folding of wteeSyn(4C), A30RxSyn(4C), and
levels under nondenaturing conditions. A factor Xa pro- A53T.aSyn(4C).To further evaluate the properties of the
teolytic cleavage site has been engineered between GST an¢hree mutant proteins, we conducted systematic folding
aSyn, allowingaSyn proteins to be efficiently cleaved for  experiments with wtxSyn(4C), A30PaSyn(4C), and A53T-
further HPLC purification. aSyn(4C). Oxidative folding was carried out under the

oaSyn mutants obtained at this stage are already oxidized,following conditions: (&) In Tris-HCI buffer (0.1 M, pH 8.4)
but with different degrees of oxidation (Figure 1). In the cases alone without redox agents, air oxygen was responsible for
of wt-aSyn(4C) and A53TaSyn(4C), oxidation is near the disulfide oxidation. Folding of wtSyn(4C) and A53T-
completion, and three major two-disulfide isomers (desig- aSyn(4C) was complete within8 h, and each was shown
nated a, b, and c) are observed in each mutant. In the caséo generate three isomers@8yn(2SS) (Figure 2A,C). The
of A30P-aSyn(4C), the oxidation of disulfide bonds is folding of A30PaSyn(4C) is slower than that of witSyn-
incomplete and the protein was recovered as a mixture of (4C) or A5S3TaSyn(4C) (Figure 2B). (b) In Tris-HCI buffer
one- and two-disulfide isomers (there are six possible one- (0.1 M, pH 8.4) containing CuSQg2 uM), copper ions are
disulfide isomers and three possible two-disulfide isomers). known to catalyze air oxidation of thiol groups to disulfide
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m WiaSyn(25S)-c

MDVFMKGL KAKEGWMAEKTKQGVAEAAGKTKEGVLVVG cKTKEGWHGVATVAEKTKEQVTNVGGCWTGVTAVAQKTVEGAGSI AATGFVKKDQLGKNEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA

Ficure 3: Amino acid sequences afSyn mutants and disulfide structures of yn(2SS)-a, wtrSyn(2SS)-b, and wteSyn(2SS)-c. The
disulfide structures were derived from analysis of their thermolytic peptides by MALDI mass spectrometry and Edman sequencing. Isomers
a—c have Cy&-Cys"/Cys9—Cys9, CyP—CysYCys?—Cys¥, and Cy8—CysYCys?—Cys° disulfide connectivities, respectively.

bonds (8). We found that they are a useful catalyst for analysis (available upon request) allow identification of
promoting oxidative folding obiSyn(4C). The presence of peptides containing the disulfide bonds and lead to the
2 uM CuSQ increases the folding rate @fSyn(4C) by conclusion of disulfide pairings of wiSyn(2SS)-a, wt-
approximately 4-fold (compare panels-& to panels D-F aSyn(2SS)-b, and witSyn(2SS)-c as shown in Figure 3.
of Figure 2). However, the presence of copper ions also The disulfide structures of three corresponding isomers of
appears to accelerate the aggregation of fold8gin(2SS). A30P-aSyn(2SS) and A53T:Syn(2SS) have not been
This is evident because in the presence of CySBe characterized but most likely adopt the same disulfide pairing
recovery ofaSyn(2SS) isomers decreases significantly during similar to that of wteeSyn(2SS).
an extended period of folding, probably due to protein  The existence of all three possible two-disulfide isomers
aggregation. in significant and steady proportion in the mutants of wt-
The reports that the Cu(ll) concentration was elevated in aSyn, A30PeaSyn, and A53TeSyn also supports the
the cerebrospinal fluid of PD patientsd) and that Cu(ll) is credence thatiSyn is truly a natively unfolded protein
the most effective ion in promoting oligomerizationabyn consisting of diverse and defined conformational isomers.
(20) further suggest that copper ion might be a risk factor It is relevant to notice that wiSyn(2SS)-c is the most
for the pathogenesis of PD. However, the copper concentra-predominant isomer (Figure 3). Among the disulfide con-
tions most laboratories applied (68:5 mM) are far greater  figurations of three isomers (Figure 3), wByn(2SS)-c
than those normally presented in vivo. Most recently, it was represents the most compact state. Its predominance thus
reported that copper at the physiologically relevant concen- implies that more compact isomers account for the major
tration is sufficient for acceleratingSyn aggregation(1). structure in the natively unfolded state of w®&yn. In the
A copper concentration of ZM was intended to promote  cases of twoaSyn variants, the concentrations of A30P-
the oxidative folding of reducedSyn(4C) mutants1(g). In aSyn(2SS)-c and A53TSyn(2SS)-c decrease significantly,
this study, this concentration also effectively increases the most likely due to the increase in the concentrations of less
kinetics of aggregation of folded (oxidized) two-disulfide compact isomers.
isomers ofaSyn(2SS) (Figure 2D,E). Alternatively, the  A30P.aSyn(4C) Has a Lower Folding Flexibility than wt-
copper-enhanced oligomerization might be simply a conse- qSyn(4C) or A53TxSyn(4C). The findings that single
quence of increased folding kinetics. mutations in wtetSyn are linked to familial early-onset forms
The end products of three folding experiments all comprise of PD point to a central role for the protein in the etiology
three major fractions of two-disulfide isomers. This conclu- of the disease. Here we found that A36Byn(4C) has a
sion is substantiated by the observation that their modification much lower folding flexibility than wteeSyn(4C) or A53T-
with vinylpyridine affects neither their molecular mass nor oSyn(4C) under identical folding conditions (Figure 2). The
their HPLC retention time, evidence of the absence of free AS0P mutant has been reported to exhibit a defective or
Cys. The three two-disulfide isomers of wByn(2SS) were ~ weakened ability to bind lipid vesicles compared to the wild-
isolated and digested with thermolysin and Glu-C. Peptides type protein 22, 23). The formation of soluble oligomeric
were then isolated by HPLC and analyzed by MALDI mass intermediates is also accelerated in the A30P mutat (
spectrometry and Edman sequencing. On the basis of theThe A30P mutant favors the protein’s self-aggregation
known sequences afSyn, the data of mass and sequence capacity, as demonstrated in vitr@4( 25). Drosophila
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develops adult-onset motor dysfunctions that appear earlier 30000

in specimens expressing the A30P mutant than in those 28% turn,72% random coil (r¢) —E—Wt-aSyn
expressing wt- or A53TxSyn ). 2000 égo//mrc 75% ++Xl3-gf§yar§§)4c)
. . . . rn, rc -
These earlier observations may be explained by the unique<™ 5,0, | 28% turn. 72% ro —a— AS3T-aSyn(4C)

folding behavior of A30RxSyn(4C) demonstrated here.
From the viewpoint of protein foldingxrSyn appears to be © 0
a very dynamic molecule whose secondary structure dependsg

on its environment. Therefore, the decreased folding flex- © -10000
ibility of A30P-aSyn might weaken its dynamics and its

[0}
physiological functions. On the other hand, the reduced E 20000
conformational flexibility could also lead to the exposure of & 230000 |
hydrophobic residues and makes A3@8yn naturally prone
to forming insoluble aggregates. -40000 ‘ ‘ ‘ ,
Alteration of Secondary Structure Accompanied3yn- 190 200 210 220 230 240 250

(4C) — aSyn(2SS) Carrsion.Human wtetSyn is a natively
unfolded protein and exhibits random coil structure under
physiological conditions. When lipid binds, wiSyn under- 30000 )

. 4 . 100% random coil (rc) -B-wt-aSyn
goes a conformational change fr_om random coddbellca_l 20000 40% o-helix, 5% turn, 55% rc B wt-aSy(SS)
structures 26). The A53T mutation appears to have little — 30% B-sheet, 15% turn, 55% rc —#—A30P-aSyn(2SS)
effect on theaSyn—lipid interaction and subsequent con- 20% pB-sheet, 5% turn, 75% rc  —A—A53T-aSyn(28S)
formational change 27). The A30P mutation, however,
results in either a defective or weakened abilityu&yn to
bind lipid (28, 29).

We have shown here that reduced form&8fn mutants
wt-aSyn(4C), A30PaSyn(4C), and A53TaSyn(4C), similar
to that of wtaSyn, all display a structure of predominantly
random coil (Figure 4A). After oxidation and formation of 40000
two disulfide bonds, wirSyn(2SS) takes on a major portion
of a-helical structure. In contrast, A30Syn(2SS) and

Wavelength (nm)

-10000

-20000 1

-30000

[0] (deg cm2 dmol-!

-50000

190 200 210 220 230 240 250

A53T-aSyn(2SS) exhibit a significan-sheet structure
content (Figure 4B). In essence, this ayn(4C)— wt- Wavelength (nm)
aSyn(2SS) conversion accompanied by random €eil g re 4: Far-UV CD spectra of variants afSyn. (A) Mutants

o-helix transformation is akin to the structural change of of aSyn(4C) were measured in acetate buffer (pH 4.5). (B) Mutants
wt-aSyn induced upon lipid binding. Both involve to some of aSyn(2SS) were measured in phosphate buffer (pH 7.4). Each
extent stabilization of the natively unfolded structure of wt- aSyn(2SS) comprises three isomers. The protein concentration was

. - . _ 0.1 mg/mL. wteeSyn was included as a control. Each spectrum
aSyn. The puzzle is why a similar conformational transfor was an average of 10 scans. The content of secondary structure

mation does not apply to AS53&Syn(2SS) or A30P- a5 calculated using the Softsec software provided by Jasco Inc.
aSyn(2SS). Perceptibly, one can argue that the mode of

stabilization of aSyn via lipid binding and introduced isomers of wteeSyn(2SS), the order of aggregation rate is
disulfide bonds may be very different. A satisfactory account as follows: c¢> a > b.
of this discrepancy should also take into consideration the We further verified the differential and enhanced fibril-
fact that all two-disulfide isomers oftiSyn have four lation by thioflavin T (ThT) fluorescence measurement. The
additional Ser/Ala— Cys mutations. results are shown in Figure 6. The histological dye ThT is
Nonetheless, th8-sheet content of A30BSyn(2SS) and  widely used for the detection of amyloid fibrild7, 30).
A53T-aSyn(2SS) may facilitate their aggregation, and this With the presence of fibrils, ThT gives rise to a new
can well explain their enhanced aggregative propensity asexcitation maximum at 450 nm and enhanced emission at
compared to that of weSyn(2SS) (see below). 482 nm, whereas naked ThT is essentially nonfluorescent at
The Isolated Isomers of vitSyn(2SS) Exhibit Dissimilar ~ these wavelengths. ThT is supposed to bind specifically to
but Enhanced Aggregation Rates Compared to That of wt- the crosse@-sheet structure, and the binding is independent
aSyn.The aggregation rate of the-a isomers of wteeSyn- of the primary structure of the protein. Only the multimeric
(2SS) (Figure 3) was compared to that of aByn. They fibrillar forms give significant fluorescence with ThT. The
were incubated in PBS buffer (pH 7.4) at room temperature binding of ThT toa-Syn fibrils is therefore an effective
(22 °C) and 37°C for different periods of time (0, 1, and 3 method for the fibril formation assay. Figure 6 shows the
days). Aggregated samples were analyzed by Westerndifferences in the ThT fluorescence at different time points
blotting. The protein concentration was 201. Rigorous (1, 3, and 7 days) afi-Syn fibril formation. Consistent with
control of the same protein concentration is essential to the Western blot analysis, isomers-@all exhibit higher
establishing a convincing aggregation rate measurement,ThT fluorescence, which suggests that the isomers have a
since a higher protein concentration leads to a higher propensity to fibrillate different from but enhanced compared
aggregation rate. The results show that under physiologicalto that of wte-Syn. Among the isomers, wit-Syn(2SS)-c
conditions in vitro, all three isomers of witSyn(2SS) display ~ exhibited the highest propensity for fibril formation, which
an aggregation rate faster than that ofa@yn, both atroom  is consistent with the higher aggregation rate described
temperature and at 37C (Figure 5). Among the three above.
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Ficure 5. Oligomerization of wteelSyn and three isolated two-

disulfide isomers of wtaSyn(2SS). Aggregation experiments were
performed at 22 (A) and 37C (B). The protein concentration was
20 uM. Proteins were separated by SPBAGE and detected by
Western blotting.
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Ficure 6: Fibrillation (Thio T fluorescence assay) of wSyn and
three isolated two-disulfide isomers of wByn(2SS). Experiments
were carried out in PBS at 3. The protein concentration was
65 uM. The ThT fluorescence was excited at 450 nm, and the
emission wavelength was 482 nm.

Our results demonstrate that (a) different conformational
isomers of wteelSyn may exhibit different rates of aggregation
and fibrillation and (b) partial stabilization of the conforma-
tion of wt-aSyn (via two introduced disulfide bonds) may
enhance the propensity of wiSyn for aggregation and
fibrillation. These data are consistent with the notion that
under physiological conditions, humam-Syn exists as
diverse conformational isomers which exhibit distinct pro-
pensities for aggregation and fibril formation.

A30P-aSyn(2SS) Has a Faster Aggregation Rate than
A53T-aSyn(2SS) and wtSyn(2SS)We further compare the
aggregation rates of two-disulfide isomers of wt, A30P, and
A53T in mixture form. wteeSyn(2SS), A30RxSyn(2SS), and
A53T-aSyn(2SS) were incubated for different periods of

Biochemistry, Vol. 46, No. 2, 200607
Od 1d 3d
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FiGure 7: Oligomerization of collective isomers of witSyn(2SS),
A30P-aSyn(2SS), and A53TSyn(2SS). Aggregation experiments
were performed at 22C. The protein concentration was 20.
Proteins were separated by SPBAGE and detected by Western

blotting.
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Ficure 8: Fibrillation (Thio T fluorescence assay) of collective
isomers of wtetSyn(2SS), A30RxSyn(2SS), and A53TSyn(2SS).
Experiments were carried out in PBS at 3S8C. The protein
concentration was 66M.

increased significantly (Figure 7). In contrast, a a&yn-
(2SS) isomer mixture has an only insignificant band at around
35 kDa at the time point of control and a comparatively
weaker band at around 35 kDa after incubation for 1 or 3
days. The aggregation rate of A53ISyn(2SS) is between
those of A30PaSyn(2SS) and wetSyn(2SS). The data here
suggest A30R:Syn(2SS) has a much higher aggregation rate
than A53TeaSyn(2SS), which in turn has a higher aggrega-
tion rate than wSyn(2SS). We also confirmed the in-
creased rate of fibril formation by ThT fluorescence mea-
surement, and the results are shown in Figure 8. A30P-
aSyn(2SS) displays a stronger tendency to fibrillate than
A53T-aSyn(2SS) or winSyn(2SS).

The faster aggregation and fibrillation rate of the A30P-
oSyn(2SS) mixture is probably due to its low folding
flexibility described above. The higher aggregation rate of
the A30PeiSyn mutant has been consistently report24 (
25). It was also reported that PD-linked mutations accelerate
aSyn aggregation3(). However, under their experimental
conditions (protein concentration of 7 mg/mL, Tris-buffered

time (0, 1, and 3 days) for the aggregation rate assay. Wesaline at 37°C), A53T-aSyn has a faster aggregation rate
found that even in the control (0 days), there are strong bandsthan A30Pe.Syn and WTelSyn.

at around 35 (dimer) and 70 kDa (tetramer) in an A30P-
aSyn(2SS) isomer mixture, and after incubation (1 and 3

Implications of the Properties of Partially Stabilizeyn.
Protein conformation-dependent toxicity is an emerging

days) at room temperature, the levels of the oligomers theme in neurodegenerative disorders, including dbsy-
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nucleinopathies3?2). The native proteins are generally not
pathogenic; however, they are the pool for providing the
alternative conformations (nonnative isomers), which are the
real culprit. Under different stressful conditions, the shift of
equilibrium from the benign to the malignant isomers is
commonly believed to be the underlying cause of these

diseases. In this context, the more stable the native state,

the

occurrence of diseases. However, the genetic factors (muta-

lower the risk of the conformational change-induced

tions), the environmental factors (pesticide33)( and the
aging might all contribute to the destabilization the native
state ofaSyn and the initiation of the process @fsynucle-
inopathies.

Disulfide isomers ofaSyn(2SS) described in this study
are in essence partially stabilize&yn isomers that constitute
and mimic the structure of natively unfoldedSyn under
physiological conditions. The findings that these isomers
exhibit distinct folding flexibility, dissimilar secondary
structure, and different aggregative propensity are in agree-
ment with the our current understanding th&tyn comprises
diverse conformational isomers which exhibit distinct pro-
pensities of aggregation and that single-amino acid substitu-
tion (A30P or A53T) might significantly alter the confor-
mational properties oftSyn.
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