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ABSTRACT: a-Synuclein aggregation has been tightly linked with the pathogenesis of Parkinson’s disease
and other neurodegenerative disorders. Despite the protein’s putative function in presynaptic vesicle
regulation, the roles of lipid binding in modulatingsynuclein conformations and the aggregation process
remain to be fully understood. This study focuses on a detailed thermodynamic characterization of
monomerica-synuclein folding in the presence of SDS, a well-studied lipid mimetic. Far-UV CD
spectroscopy was employed for detection of conformational transitions induced by SDS, temperature,
and pH. The data we present here clearly demonstrate the multistate nadusgrodclein folding, which
involves two predominantlg-helical partially folded thermodynamic intermediates that we designate as

F (most folded) and | (intermediately folded) states. Likely structures of thesauclein conformational

states are also discussed. These partially folded forms can exist in the presence of either monomeric or
micellar forms of SDS, which suggests tlhasynuclein has an intrinsic propensity for adopting multiple
o-helical structures even in the absence of micelle or membrane binding, a feature that may have
implications for its biological activity and toxicity. Additionally, we discuss the relation betveesynuclein
three-state folding and its aggregation, within the context of isothermal titration calorimetry and transmission
electron microscopy measurements of SDS-initiated oligomer formation.

o-Synuclein is a small (14 kDa, 140 amino acids), highly role for a-synuclein in maintenance of SNARE complexes
acidic, intrinsically unstructured protein that is expressed (19). Neuroprotective functions via dopamine regulation and
predominantly in the human brain and concentrated in against glutamate-induced excitotoxicity have also been
presynaptic nerve terminald{3). The protein has been attributed to the proteir2Q, 21). Other recent work provides
substantially implicated in the pathology of Parkinson’s strong evidence of the inhibition of ERGolgi vesicular
disease, the second most common neurodegenerative disoitransport by a-synuclein being a major determinant of
der, affecting approximately 1% of the population by the a-synuclein toxicity 22).

age of 65 and 45% by age 854—-9). The protein has also  The a-synuclein sequence can be divided into three
been shown to play a major role in the pathology of dementia regions, an N-terminal region (residues-@0) containing
with Lewy bodies and multiple-system atropty0(-13). In seven 11-amino acid imperfect repeats, a central hydrophobic

addition, the hydrophobic central region ofsynuclein region (residues 6195; NAC), and a highly negatively
(residues 61-95), also known as the “nonfAcomponent  charged, proline-rich, and predominantly unstructured C-
of Alzheimer’s disease amyloid” (NAC)is a minor protein  terminal region (residues 96.40) 23, 24). The N-terminal
component of neuritic plaque amyloids in Alzheimer's region imperfect repeats encode amphipathic helices that are
disease, the most common neurodegenerative diso®der ( involved in membrane binding, likely playing a key role in
14). Several potential physiological roles have been attributed pinding of a-synuclein to synaptic vesicle@4—26). The

to a-synuclein. Due to its presence in presynaptic nerve core region of the amyloid structure (roughly amino acids
terminals, its function was thought to be in neurotransmitter 38—95) has been shown to contain the entire NAC region,
release and vesicle recyclind%-18). This hypothesis is  as well as a part of the N-terminal regia2i7¢-29). Finally,
supported by recent work suggesting a molecular chaperoneaithough considered predominantly unstructured, the C-
terminal region has been suggested to play a regulatory role
T This work was Supported bya National Institute of General Medical in protecting the NAC region from aggregatioﬁG( 30—

Sciences grant (GM066833) from the National Institutes of Health (to . - . Y
A.A.D.). A.C.M.F. is a recipient of a Ruth L. Kirschstein National 33) as well as potentially in anchoring binding partners to

Research Service Award postdoctoral fellowship from the National lipid vesicles 81). The amino acid distribution af-synuclein
Institute of Neurological Disorders and Stroke, National Institutes of matches the general requirements for a natively unfolded
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nuclein fibrillation are consistent with a nucleation-dependent was performed using reverse phase chromatography, em-
mechanismJ7, 38), implying a role for a critical intermedi-  ploying a C4 column. The purity of the final product was
ate in the early stages of the aggregation procaSs (n verified by SDS-PAGE. The molecular weight was verified
principle, any species in theesynuclein fibrillation pathway  using matrix-assisted laser desorption ionization time-of-
is a valid target for the inhibition or reversal of fibril flight mass spectrometry (Scripps Center for Mass Spec-
formation. In particular, protein species or conformational trometry).
states that have predominant roles in the early stages of Protein concentrations were determined spectrophotometri-
fibrillation or misfolding may be attractive targets for cally using the Edelhoch method, detecting protein UV
therapeutic intervention aimed at disease prevention orabsorbance in 6.0 M guanidine hydrochloride and 20 mM
arrested disease progression. In this context, although an earlphosphate (pH 6.5). An extinction coefficient of 5120'M
intermediate has been suggested in the pathway of fibril cm™! was used for measurements carried out at 2804¥ (
formation @9, 40), to date, there is limited understanding 49).
of the thermodynamic and structural behavior of this  Detection of SDS Micelle Formation by Isothermal Titra-
intermediate. To gain a better understandinguesynuclein tion Calorimetry.SDS micelle formation in buffer solution
conformational states and their properties, we carried out a(i.e., 0.2 M NaCl, 10 mM sodium acetate, 10 mM NaH
detailed thermodynamic characterization afsynuclein POy, and 10 mM glycine) at 25.8 0.2 °C was detected via
folding in the presence of sodium dodecyl sulfate (SDS), a ITC using a MicroCal VP-ITC microcalorimeteb(). Heats
well-characterized phospholipid mimetidl—45). Circular of mixing between 50 mM SDS in buffer solution and buffer
dichroism (CD) measurements ofsynuclein folding, in solution alone were determined by performing, at 2 min
conjunction with isothermal titration calorimetry (ITC) and intervals, 59 stepwise BL injections of the SDS solution
transmission electron microscopy (TEM) measurements of (pH 7.00 + 0.05) into the 1.435 mL calorimeter cell
o-synuclein aggregation, are presented here. containing SDS-free buffer solution (pH 7.800.05). Heats
of mixing data were then analyzed assuming a two-state

MATERIALS AND METHODS monomer to micelle transition accompanied by enthalpy

ChemicalsUltrapure SDS was purchased from USB Corp. changes that are proportional to changes in SDS monomer
(lot 115177). All other chemicals were either analytical or and micelle populations. Specifically, fractions of SDS
reagent grade. molecules in monomeric fornivonome) at different detergent

Protein Expression and PurificatiorThe plasmid con-  concentrations were calculated using the equation
struct fora-synuclein was kindly provided by R. L. Nuss-
baum (National Institutes of Health, Bethesda, MD). The fuonomer= Vmicele — Yi) Ymticelle ~ Ymonomed (1)
construct is a modification of pET-41a (Novagen, EMD
Biosciences, Inc.) and has been described previoddly ( wherey; is the observed enthalpy change at a specific SDS
The construct was checked for the correct insert by sequenc-molar concentration (expressed in pSDS orlog[i]) and
ing (Center for Nucleic Acid Research, The Scripps Researchymonomer @nd Yuicele represent the pre- and postmicelle
Institute) and transformed int8scherichia coliT7 expression ~ formation baselines, respectively, which are sufficiently
strain BL21(DE3). Protein purification was carried out on described as linear functions of pSDS.
the basis of the description of Jakes et &) (with Far-UV CD SpectroscopyProtein secondary structure
modifications as described below. Transformed cells were perturbations induced by SDS, temperature, and pH were
grown in LB medium at 37C with shaking until the Oy monitored using an Aviv model 62DS/202SF CD spectrom-
reached~0.5-0.7 (2-2.5 h) and then induced by addition eter equipped with a Peltier automated temperature control
of IPTG (final concentration of 1 mM). Cells were grown unit.
for an additionak-3 h, harvested and collected via centrifu- Measured CD signals at specific wavelengths were ex-
gation, resuspended in buffer [i.e., 50 mM Tris-HCI (pH 7.5)] pressed as mean residue ellipticit§],[ (degrees square
with 50 mM NaCl and 1 mM EDTA, frozen and thawed centimeters per decimole), calculated using the expression
three times by alternating between80 °C and room
temperature, sonicated, and then centrifuged to remove cell [0], = 0,/(10Cnl) (2)
debris. The crude lysate was incubated af8dor 10 min
and centrifuged to separate the precipitate. The supernatanwhere 6, is the observed ellipticity in millidegrees at
was further purified using a Q-Sepharose (Amersham Bio- wavelengthl, C is the molar protein concentration s the
sciences) column with a stepwise gradient of 50, 150, and number of amino acid residues per protein molecule,land
300 mM NacCl (using buffer without EDTA). The majority  is the pathlength in centimeters.
of a-synuclein elutes at 300 mM NacCl. Fractions containing  Wavelength (and temperature) scans were carried out using
a-synuclein were then mixed at a 1:5 (v/v) ratio with a 50 a bandwidth of 1 nm, a minimum averaging time of 5 s,
mM sodium acetate solution and combined with SP- and a 0.1 cm pathlength cuvette maintained at a specific
Sepharose (Amersham Biosciences) beads (usih§ mL temperature with a precision of 0°C. Unless otherwise
of hydrated resin/L of culture). The mixture was adjusted to stated, experiments were performed using a protein concen-
pH 5.7, incubated at 4C with stirring for a minimum of tration of 20uM and thermal scans were carried out using
1 h, and filtered to separate the beads from the supernatanta scan rate of1.4°C/min. All measurements were corrected
The supernatant was then mixed with Q-Sepharose beaddor solvent contributions. Analyses of thermal unfolding data
(0.5 mL of hydrated resin/L of culture), adjusted to pH 4.4, were performed via nonlinear least-squares (NLS) fitting to
incubated at £C with stirring for a minimum of 1 h, and a three-state model (described below) using Origin
filtered again to collect the supernatant. The final purification (OriginLab).
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Analysis ofa-Synuclein Multistate Thermal Unfolding T (Tm ' or Ty ™Y) is the thermal transition midpoint for
Transitions.Protein folding-unfolding data involving mul- the transition 8— Si+1, i.e, F— l or | — U. AHi (AH!
tiple conformational states, as described by the reaction Slor AH'"Y) is the transition enthalpy change &ti. AC,i
< S2< -« = Sn, may be graphically analyzed using the (AC,™' or AC,7Y) is the difference in heat capacity between
equation Si+1and $, i.e., land F, or U and I.

n Initiation of o-Synuclein Aggregation by SDS As Detected
— S _ by Isothermal Titration CalorimetrySDS-induced aggrega-
€=éat ;fg(es' €s1 3) tion of a-synuclein in buffer [i.e., 0.2 M NaCl, 10 mM
sodium acetate, 10 mM NaHRQ,, and 10 mM glycine (pH
wheree represents any observable able to distinguismthe 2.504 0.05)] was detected using ITC (employing the same
different states and is proportional to the concentration of Microcal VP-ITC instrument mentioned above). Following
protein species in solutionj 8enotes any of the unique states an initial time delay of 120 s, protein aggregation was
(ie., S1, S2, ..., or1, fs corresponds to the fraction of the initiated by performing single 200L injections of buffered
total protein population that exists as statg 8nd eg SDS solutions (8.17 mM SDS) into the 1.435 mL calorimeter

represents the observable exhibited by S cell containing buffered protein solution (22:8V1 a-sy-
Each $ < Si+1 equilibrium can be described by an nuclein), pre-equilibrated at the temperature of interest
equilibrium constank; as defined by (£0.2 °C). The time duration for the SDS injections is

. 250 s. The final protein and SDS concentrations in the cell

_ EM (4) are 20uM and 1 mM, respectively. To measure SDS heats
[Si] of dilution, similar experiments as described above were

performed, injecting buffered SDS solutions against buffer

without protein. Heats of aggregation were then calculated

as the difference between the measured heats in the aggrega-

K relates to the Gibbs free energy differend&s() between
states &+1 and $, as expressed by the equation

K = g (AGIRT (5) tion and the dilution experiments. Data analyses were
! conducted using Microcal Origin (Microcal Software, Inc.).
whereR is the ideal gas constant arilis the absolute Transmission Electron Microscopyrotein fibrils and
temperature. A partition functio® is defined by aggregates were prepared by either (i) incubating.RD

o-synuclein in 0.2 M NaCl, 10 mM sodium acetate, 10 mM
Q=1+K +KKy+ .+ KKKy (6) NaH,PO;, and 10 mM glycine (pH-2.5) at 80°C for 2 h

. , , i and then at room temperature for 1 month or (ii) incubating
The fraction of the total protein population that exists as S1 29 ;M g-synuclein in 1 mM SDS, 0.2 M NaCl, 10 mM

i§ giv_en by _1Q, _While that for each other protein speciés S godium acetate, 10 mM NaFQ,, and 10 mM glycine (pH
(ie.,i = 1) is given by the equation ~2.5) at room temperature for 1 day or 1 month. For
visualization by TEM, 4L of protein samples was applied

i—1
K. to glow-discharged parlodion-coated copper grids. After
D ! adsorption was permitted for 3 min, grids were washed with
fg=—— (7 deionized distilled water and then negatively stained with
Q 2% (w/v) uranyl acetate. TEM images were collected at

80 kV on a Philips CM100 electron microscope (FEl,
Hillsboro, OR) and documented using Kodak SO163 EM
film. Negatives were scanned at 600 lines per inch using a

; Fuji FineScan 2750 device and converted to TIF format for
Thermal scan data were analyzed by applying eq 3 to a three- T
state equilibrium composedyof folscgedpp(?:/),gintgrmediately subsequent handling in Photoshop (Adobe Systems, San Jose,
folded (l), and unfolded (U) states, as described by the CA).
reaction F— | = U. Specifically, unfolding transition data RESULTS

were fit to the equation
SDS-Induced:-Synuclein Folding and Unfoldind:ffects
€= et hile — e Tyley — ) 8) of SDS ona—synuclgin secondary s%ructure were i%/estigated
¢, ¢, andey are the transition baselines for E, I, and U, using far-UV CD spectroscopy, monitoring protein ellipticity
respectively, and are sufficiently described as linear functions ©V€r @ broad range of SDS concentrations 400 mM).
of temperaturef, and fu, which represent the fractional Figure 1 presents isothermal titration data collected at
populations of | and U, are given b§./Q and KiKo/Q, 25 °C and pH 7.0. Panels A and B show spectral data

respectively (eq 70 = 1 + Ky + KiKs, whereK; andK c_ollected at 6-2 and.3—400 mM SDS, respe_ctively..At
arepe(Ael)’(R% Eanqd 6)862)/(“' reslpectii’eiy (eqs 5 and 6). The dilute SDS concentrations-{®.2 mM), a-synuclein exhibits

o-Synuclein thermal denaturation experiments were per-
formed by monitoring protein ellipticity under different
solution conditions, varying pH and SDS concentration.

functional dependence &G1 or AG2 (i.e., AGi, wherei ‘random coil® CD spectra. At higher concentrations
= 1 or 2) on the absolute temperatufeis given by the (>0.2 mM), a-synuclein is mduced. fo adopt structural
Gibbs—Helmholtz relationship: conformations that are, on the basis of the CD spectral

profiles, rich in a-helix. Figure 1C shows mean residue

ellipticities at two specific wavelengths (222 and 198 nm)

plotted against SDS concentration, illustrating the complex
9 dependence oéi-synuclein structural properties on SDS.

AGi = AHi(l - Tl) + ACpi(T ~ T Tl

mi mi
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Ficure 1: SDS-induced structural changesoirsynuclein monitored by far-UV CD spectroscopy. Wavelength scans were performed at
0.2 M NaCl, 10 mM sodium acetate, 10 mM N#,, and 10 mM glycine at pH 7.0& 0.05 and 25.6t 0.1°C in the presence of varying
SDS concentrations. Presented in panel A are the CD spectral data from solutions containing 0 mM) SR8 M SDS [d), and
intermediate SDS concentrations, i.e., 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and £ ®MWn in panel B are data from
solutions containing 3.0 mM SD2§, 400 mM SDS [0), and intermediate SDS concentrations, i.e., 4.0, 5.0, 10, 20, 30, 50, 100, and
200 mM (). CD signals at two specific wavelengths [228) @nd 198 nm @)] are plotted against SDS concentration in panel C. Shown
in panel D are the spectral intensities at 222 nm plotted against the intensities at 198 nm. U, |, Fe@mnelspond to the different protein
states. Arrows indicate the direction in which the SDS concentration is increasing.

Initial additions of SDS £0.2 mM) result in minimal than 1 mM may be attributed primarily to the monomeric
changes in protein secondary structure. Further increases irform of the detergent. With that, interpretation of the CD
SDS concentration from~0.2 to 1.0 mM result in the data presented in Figure 1C is straightforward. At SDS
induction ofa-helical structure. From 2 to 3 mM SDS, the concentrations of<l mM, monomeric SDS molecules

protein abruptly undergoes partial unfolding. From 3 to interact witha-synuclein and induce structure formation in
100 mM SDS, protein secondary structure remains practically a highly cooperative fashion, probably due to specific
unperturbed. Finally, at concentrations greater than 100 mM, binding. As a significant population of SDS micelles is

the protein is again induced to form a moeehelical formed (at 223 mM SDS), the protein undergoes partial
structure. Titration data at the two wavelengths are in unfolding induced by binding af-synuclein to the micelles.
excellent agreement. The ability of a-synuclein to bind SDS micelles has also

Differential a-Synuclein Interaction with Monomer and been demonstrated previousH4( 45). In the SDS concen-
Micelle Forms of SDSTo distinguish between effects of tration range of 3100 mM, micelle properties presumably
monomeric and micellar SDS oa-synuclein, ITC was remain relatively constant, and thus, the detergent-bound
employed to characterize the detergent monomer to micelleprotein is also structurally unperturbed. At extremely high
transition under the same solution conditions used for SDS concentrations (268100 mM), SDS micelle properties
studying the protein. Figure S1 of the Supporting Information are significantly different from those present in more dilute
presents the ITC data and demonstrates that micelle forma-detergent concentrations (e.g., higher aggregation number and
tion is negligible at pSDS 3 (1 mM SDS) and lower SDS lower radius of curvaturep@), therefore allowing the bound
concentrations (higher pSDS). Within the small effects on protein to adopt another conformation that has higher
the SDS critical micelle concentration (CMC) of the ad- a-helical content. Employing the phase diagram method of
ditional buffer components (i.e., 10 mM sodium acetate, Kuznetsova et al.53), we plotted the spectral intensities at
10 mM NaHPQy, and 10 mM glycine), this observation is 222 nm as a function of the CD intensities at 198 nm
consistent with the reported CMC of SDS in 0.2 M NaCl at (Figure 1D). Consistent with Figure 1C, three all-or-none
25°C, i.e., 0.92 mM 51). The presence of 20M protein transitions are clearly resolved, involving three to four
in solution does not significantly affect and decrease the SDSstructurally unique protein states (i.e., U, I, F, aiidvihere
CMC, as evidenced by our observation that varying U is the intrinsically unstructured state present under dilute
protein concentrations (5, 10, and 2M) give rise to very SDS conditions, | is an intermediately folded state, and F
similar protein thermal unfolding behavior in 1 mM SDS and F are the most folded states). F mainly exists at pre-
(Figure S2 of the Supporting Information). Thus, all effects CMC SDS concentrations, whereas i populated at
of SDS ono.-synuclein structure at SDS concentrations lower extremely high SDS concentrations in which SDS micelles
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adopt elongated cylindrical shapé&). On the basis of their
near-identical CD intensities at 222 and 198 nm, F ahd F
are most likely structurally very similar.

Multistate Thermal Unfolding af-Synuclein Folded Using
SDS.To characterize the thermal foldirginfolding behavior
of a-synuclein, CD wavelength scans at different tempera-
tures (Figure 2A) and CD thermal scans at a constant
wavelength (Figure 2B) were carried out in 1 mM SDS
(pH 7.0), where the protein is able to adopt a stable structure
and SDS molecules are predominantly in a monomeric form.
Figure 2A presents-synuclein CD spectra over a wide range '30260 210 220 230 240 250 260
of temperatures (8100°C, every 5°C), in the presence of Wavelength (nm)
1 mM SDS. At the lower temperatures<@5 °C), a-sy-
nuclein assumes a conformation that is richaihelix. A
gradual increase in temperature results in a concomitant loss

deg-cm?*-dmol”

1 mM SDS

Mean Residue Ellipticity (x10°) J»

01— T T T T T

B

£

&
of structure, eventually producing a more random coil-like § T 5] omMsDs
conformation at the higher temperatures{4@0 °C). The s g i g ]
222 nm readings of the spectra were plotted as a function of Lo 04 ™
temperature (effective scan rate of 0@/min) and presented 2 0
. K . . W 2.5 10 mM SDS |
in Figure 2B. Also shown in Figure 2B are thermal scan 2 35
data (scan rate of 1.3C/min) collected using fresh and 24 204
reheated samples. The three sets of data show excellent g X :
agreement, demonstrating that the protein unfolding reaction § -251BF1 mM sDs

g ;

is reversible and that the thermal denaturation experiments 0 20 40 60 80 100
were most likely performed under equilibrium conditions. Temperature (°C)
More importantly, it is evident from the thermal scan data
that a-synuclein thermal unfolding involves transitions
between multiple states. A three-state model (described in
Materials and Methods) was the minimal model that could
describe the data, which is consistent with the two all-or-
none transitions clearly resolved in the phase diagram
presented in Figure 2C. To model the unfolded state (U), a
thermal scan of the protein at 0 mM SDS, where it is
intrinsically unfolded, was also performed. The U baseline
slope and intercept parameters for the 1 mM SDS data were
then fixed to coincide with the linear fit of the 0 mM SDS 3 5 4 2 6 3
data (presented in Figure 2B). Baseline parameters represent- Mean Residue Ellipticity at 200nm
ing the state with the most secondary structure (F) were (x10”%) deg-cm*dmol”
floated. Floating the baseline slope parameter for the statepigure 2: Three-state temperature-induced unfoldingoesy-
with an intermediate amount of secondary structure () nuclein folded using SDS. Thermal unfolding @fsynuclein was
resulted in, within experimental error limits, the same slope monitored at 0.2 M NaCl, 10 mM sodium acetate, 10 mM RaH
that was observed in other measurements (e.g., 10 mM SDS and 10 mM glycine at pH 7.0& 0.05 in the presence of
data, which are also presented in Figure 2B). The | baseline1 mM SDS. Presented in panel A are protein far-UV €D spectra
' . -2 i collected (using a single protein preparation) at different temper-
slope parameter was therefore fixed and is identical to that atures (i.e., 100 °C, at 5°C intervals). A constant wavelength
of the least-squares line best fit to the 10 mM SDS data. slice at 222 nm of the data presented in panel A is shown in panel
Treatment of baseline parameters as described above i [(2) effective scan rate of 0.2C/min]. Data from thermal scans

validated by the fact that pH perturbations that lead to more (Sc¢an rate of 1.3C/min, 0-100°C at 2°C intervals) of the same
sample used in panel A and of another fresh sample are also shown

defined baselines show consistency (Figure 5). in panel B: & and, respectively. Also shown in panel B are
To test whether protein oligomers (that thermally unfold thermal scan data at @ and 10 mM SDS¥). The solid curve
reversibly and reproducibly) are involved -synuclein represents the nonlinear least-squares (NLS) best fit of the combined

thermal unfolding transitions, 1.3c/min thermal scans of 1 mM SDS data to the multistate unfolding model described in

. . Materials and Methods. The dotted, dashed, and solid straight lines
the protein were also performed in the presence of 1 mM represent the F, I, and U baselines, respectively. The U baseline

SDS at pH 7.0 using protein concentrations of 10 and/6 ~  sjope and intercept parameters were fixed to coincide with the
(Figure S2). (Unless it is specifically stated otherwise, all 0 mM SDS data. The | baseline slope parameter was fixed and is
experiments reported here were performed usingu®D identical to that of the least-squares Ii_ne best fit (dotted and dashed)
protein.) NLS fitting of the 20, 10, and BM a-synuclein ~ t©© the 10 mM SDS data. Shown in panel C are the spectral
thermal scan data to the three-state model shows that all datlntensmes at 222 nm plotted against the intensities at 198 nm for
. A #he thermal denaturation data presented in panel A. Arrows indicate
can be described by the same thermal unfolding thermody-the direction in which the SDS concentration is increasing.
namic parameters, which suggests that the protein is mon-
omeric or that the U state has the same degree of oligomer-CD spectra (Figure 2A), and a random coil-like protein is
ization as the F and | states. The thermally induced U statemost likely monomeric. In addition, the three-state model
of a-synuclein in the presence of SDS exhibits random coil used for data analyses assumes monomeric protein states and

& o
Q|

(x1 0'3) deg—cmz—dmol'1

Mean Residue Ellipticity at 222 nm ()
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Table 1: SDS Concentration Dependence of Thermodynamic
Parameters for the Three-State Temperature-Induced Unfolding of
o-Synuclei

[SDS] T AHF! T ™Y AH'7Y
(mM) (°C) (kcal/mol) (°C) (kcal/mol)
0.5 nd? nd? 429+ 6.4 8.9+ 2.2
0.6 nd? nd? 60.1+25 17.7+1.8
0.7 30.7+ 0.3 43.8+1.8 68.2+ 0.7 271+ 1.7
0.8 33.1+0.2 475+19 69.8+0.4 34.9+1.38
1.0 36.3+0.2 58.9+2.0 75.9+£ 0.2 50.9+2.2
15 439+0.3 63.5+0.7 86.1+-0.3 56.2+3.2
2.0 37.7+0.3 57.3:1.2 93.0+0.4 52.0+3.3
2.5 23.7+0.7 46.7+£6.4 102.0£0.9 51.6+6.1
3. nd? nd? 106.6+2.2 50.6+9.6
3.5 nod nod 110.0+ 4.5 52.84+ 15.9

aErrors reported are estimated standard errors (Origipnomeric
SDS regime; NLS fitting performed simultaneously, assuming tem-
perature- and SDS concentration-independe@f™' (2.5 + 0.1 kcal
mol~ °C™Y) and AC,' "V (0.34 4+ 0.02 kcal mot? °C™1). ¢ NLS fitting
performed simultaneously, fixindCy,™' (2.5 kcal mot* °C™?) and
AC, 7Y (0.34 kcal mot! °C™1). 4 Not determined.

Table 2: pH Dependence of Thermodynamic Parameters for the
Three-State Thermal Unfolding ef-Synucleirt

pH T '(°C) AHF!(kcal/mol) T,V (°C) AH'Y (kcal/mol)
50 48.1+£0.1 64.5+ 1.6 nd ncP
54 453+0.2 60.2+ 1.5 99.5+ 0.6 58.7£ 6.5
59 41.9+0.2 56.0+£ 1.4 93.2+ 0.4 64.5+ 5.0
7.0 36.6+0.2 514+ 1.4 76.2£ 0.2 53.8+ 2.6
8.4 34.3+£0.2 48.0+ 1.4 75.1+ 0.2 522+ 2.3
9.5 32.7+0.2 43.3+ 1.3 73.9£ 0.2 48.7+ 2.1
11.1 19.5£0.2 54,5+ 3.9 57.2+ 0.3 32.1+£ 13
11.8 né ncP 484+ 1.4 22.1+ 2.3
125 nd nd 442+ 4.6 16.5+ 4.9
13.0 né ncP 47.6+ 1.3 17.8+ 15

aErrors reported are estimated standard errors (Origin); NLS fitting
performed simultaneously, assuming temperature- and SDS concentra
tion-independenAC,™' (2.2+ 0.1 kcal mot? °C1) andAC,"Y (0.65
+ 0.03 kcal mott °C™1). ® Not determined.

is demonstrated here to be consistent with data collected ove
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Ficure 3: SDS concentration dependencecebynuclein three-
state thermal unfolding. Thermal scans were carried out at 0.2 M
NaCl, 10 mM sodium acetate, 10 mM NgP,, and 10 mM
glycine at pH 7.00+ 0.05 in the presence of varying SDS
concentrations. Shown in panel A are thermal denaturation data
under conditions where SDS molecules are predominantly mono-
meric, i.e., 0, 0.05, 0.1, and 0.2 mM SDS)(and 0.3 f), 0.4

(#), 0.5 ©), 0.6 @), 0.7 ©), 0.8 @), and 1.0 mM SDSM).
Presented in panel B are denaturation data inI)0 1.5 @), 2.0

(), 2.5 0), 3.0 ), 3.5 (1), and 10 mM SDSH). Solid curves

in panels A and B represent the three-state unfolding model NLS
best fits of the data, with baseline parameters treated in the same
manner as that described in the legend of Figure 2. Straight lines
in panels A and B correspond to the least-squares best fit lines to
the 0 and 10 mM SDS data, respectively. The NLS best fit curves

a wide range of temperatures, SDS concentrations, and pHin panel A are also shown over a broader temperature range to

conditions. Finally,AC, values acquired for the thermal
transitions ofo-synuclein (and reported in Tables 1 and 2)
are appropriate only for a small protei®4j. For these
reasons, the involvement of oligomeric protein states in the
thermal unfolding transitions investigated here is highly
unlikely.

SDS Concentration DependenceceSynuclein Thermal
Unfolding. Changes ina-synuclein thermal denaturation
properties at pH 7.0 in response to variations in SDS
concentration were also investigated. Panels A and B of
Figure 3 present CD thermal scan data recorded at two
different SDS concentration regimes, i.e., pre- and post-CMC,

highlight protein cold denaturation (inset).

summarized in Table 1, with the transition midpoinEs ('
andT,/~Y) plotted against pSDS in Figure 4.

a-Synuclein SDSTemperature Protein Phase Diagram.
The protein phase diagram method reported bgdgeo and
Hinz (55) and Ferreon et al56) was employed in analyzing
the data presented in Figure 4. Results of the phase diagram
analyses showed that the transitions from U to I, | to F, and
Un to I each involve the binding of five SDS molecules.
In contrast, the transition fromylto F (in the 26-45 °C
region), on average, is characterized by a loss 2 SDS

respectively. Data were analyzed using the same multistatemolecules. From the SDSemperature protein phase dia-

model mentioned above. Evident from the quality of the NLS
fits of the data in panels A and B of Figure 3, the model
works in describingx-synuclein-SDS monomer and-sy-
nuclein—-SDS micelle interactions. At low SDS concentra-
tions (e.g., 8-0.6 mM), cold denaturation is observed even
at temperatures above°@. At higher SDS concentrations,
cold denaturation is predicted to occur at much lower
temperatures (see the inset of Figure 3&)Synuclein is,

gram, it is apparent that F exists only in a very narrow range

of SDS concentrations and temperatures. Each of the | and
U ensembles may be divided into two sub-ensembles,
micelle-bound and unbound, although a clear distinction

between the sub-ensembles is difficult to establish experi-
mentally. Thus, to approximate the 50% phase separation
lines between the micelle-bound and unbound states, the
midpoint of SDS micelle formation in buffer was used.

as expected, unfolded at all temperatures at dilute SDSComparing the | baselines derived from the three-state model
concentrations. The thermal unfolding thermodynamic pa- NLS best fit curve of the 1 mM SDS thermal scan data and
rameters derived from the data analyses performed arethe least-squares best fit line of the 10 mM SDS data (both
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Ficure 4: SDS-temperature phase diagram ofsynuclein.
Transition midpoints of F— | (O) and |— U (@) transitions are
plotted against pSDS (i.e5log[SDS]). Solid curves represent the

50% phase separation lines. The dotted line denotes the midpoin

of SDS micelle formation in buffer at 25C (i.e., pPCMC= pSDS
2.8; see Figure S1). F, |, and U, angldnd Uy, correspond to the

different protein states that exist under monomeric and micellar
SDS conditions, respectively. Phase separation lines were deter

mined by NLS fitting using the equation pSR$= (npk.es — log
K)/n, whereK = exp[-(AG/RT)], AG = AH™{(1 — T/T ) +
ACS(T — Ty'®" — T In T/Ty'®), pSDSvia is the ligand binding
transition midpoint at the absolute temperatliren is the change
in the number of SDS monomers bound to the prot&i’ is an
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Ficure 5: pH dependence ofi-synuclein three-state thermal
unfolding. Thermal scans were performed at 1 mM SDS, 0.2 M
NaCl, 10 mM sodium acetate, 10 mM Ng,, and 10 mM
glycine, employing different pH conditions, i.e., pH 700, (violet
NLS best fit curve), pH 5.9, 5.4, and 5.0 (black lines, left to right
from pH 7.0 data; red NLS best fit curves), and pH 8.4, 9.5, 11.1,
11.8, 12.5, and 13.0 (black lines, right to left from pH 7.0 data;

blue NLS best fit curves). Dotted, dashed, and solid straight lines

denote the F, |, and U baselines, respectively.

results in practically instantaneous aggregation, with clearly
visible aggregates formed in solution. This SDS-initiated

arbitrary reference temperature (chosen to be at a known thermaly-synuclein aggregation was investigated using ITC and

transition midpoint), and kger, AH™f, and ACy®f are the pSD,

enthalpy change, and heat capacity chang&.f, respectively.
ACy*f is determined from the slope of AH vs T, plot (data
reported in Table 1)n and [k are NLS fitting parameters.

presented in Figure 2B), we find that the micelle-bound |

TEM. Figure 6A shows representative ITC data collected at
37 °C and pH 2.5. ITC measurements were performed at
six different temperatures, with a summary presented in
Figure 6B as a plot of the apparent enthalpy change of
aggregation AHarPrPare versus temperature. At all the tem-

state is slightly more structured than the unbound state atperatures that were studied, SDS-inducedynuclein ag-
all the temperatures that were investigated. Three-stategregation was found to be exothermic, with the initial
analysis of the isothermal titration data presented in Figure aggregation process defined by a heat capacity change

1C (using only the data points derived under conditions
where SDS is primarily monomeric) shows consistency with

(ACyAuregation of —5.04+ 0.17 kcal mot! °C™1.
To further characterize the detergent-induced aggregation

the results of the protein phase diagram analyses, withinof a-synuclein, TEM was employed for visualization of

experimental error limits (see Figure S3 of the Supporting
Information).
pH Dependence ei-Synuclein Three-State Unfoldinbo

further characterize the multistate folding and unfolding
behavior of a-synuclein, CD thermal scans were also
performed in the presence of 1 mM SDS at various pH
conditions (pH 5-13), with the data presented in Figure 5.
(Note that below pH 5, all thermal unfolding transitions

protein aggregates formed at pH 2.5 in the presence (Figure
6E,F) and absence (Figure 6C,D) of SDS& 1 month
incubation of the protein in pH 2.5 buffer without SDS (after
initial incubation at 8C°C for 2 h) resulted in the formation

of fibrillar aggregates (Figure 6C). Individual fibrils interact
with other fibrils, forming side-to-side contacts. Gentle
agitation of the fibrils by centrifugation and resuspension
resulted in the formation of non-fibrillar aggregates com-

become irreversible due to protein aggregation_) Data posed of individual and “clumped” spheres of variable size
analyses were performed using the same three-state mode{Figure 6D). A TEM image of 1-day-old protein aggregates
mentioned above, with a summary of the fitted thermal formed in the presence of 1 mM SDS at room temperature
unfolding thermodynamic parameters presented in Table 2.is shown in Figure 6E. The aggregates are composed of
A clear trend is that both the transition midpoifitg ' and spheres with variable size and strings of interacting spheres.
Tm|*U increase with a decrease in pH, i.e., acidic conditions An additional 1 month incubation of a sample similar to that
favor partial and complete structure formation at 1 mM SDS. shown in Figure 6E results in the formation of string-like

Under alkaline conditions, F becomes highly disfavored and ?ggregates) with more fibril-like morphology and dimensions
Figure 6F).

thermal unfolding transitions essentially become two-state.

Furthermore, | is destabilized relative to U under alkaline
conditions, which is manifested in a decrea3gf™V. The

destabilization is, however, not sufficient for base denatur-

ation at room temperature even at a pH as high as 13.
o-Synuclein Aggregation Initiated by SD& dilute
concentration ofr-synuclein (20uM) at pH 2.5 is stably
soluble for hours even at elevated temperatures (e.§CRO0

DISCUSSION

Multistate Folding ofa-Synuclein in the Presence of SDS.
SDS is commonly known as a protein denaturing ag&wnt (
58). It is, however, well-documented that the detergent can
induce structure formation im-synuclein 26, 45, 59),
effectively mimicking phospholipids that have similar effects

as evidenced by a flat baseline when the sample is observedn the proteinZ4—26, 60). In addition, both functional and

(without injection) using an isothermal titration calorimeter.
Addition of SDS (final concentration of 1 mM), however,

toxic roles have been attributed ¢osynuclein via mecha-
nisms that require phospholipid bindind9Y 22). Thus,
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FIGURE 6: SDS-initiatedx-synuclein aggregation characterized using ITC and Té&!8ynuclein aggregation induced by SDS was investigated

in 0.2 M NaCl, 10 mM sodium acetate, 10 mM Ng#&D,, and 10 mM glycine at pH 2.58- 0.05 and different temperatures (i.e., 13.0,

20.0, 25.0, 30.0, 37.0, and 45°Q) via ITC and at room temperature by TEM. (A) ITC data collected at 3C,0vhere tracd represents

heat of mixing data between SDS solution and buffer solution, tagpresents heat of mixing data between SDS solution and protein
solution, and trac8 is the difference between trac2sand1. (B) Temperature dependence of the apparent enthalpy change of aggregation
(AHaerarey Erom the slope of the least-squares best fit line (solid line; dashed lines represent the 0.95 confidence error bands), the apparent
heat capacity change of aggregatigkCphearesaion js —5.04 &+ 0.17 kcal molt °C-1. (C—F) TEM images ofa-synuclein fibrils and
aggregates in the absence (C and D) and presence (E and F) of 1 mM SDS. Panel C presents a TEMisyagectHin fibrils incubated

in buffer at room temperature for 1 month (after initial incubation at@dor 2 h). Mechanical perturbation by centrifugation of the fibrils

shown in panel C resulted in the formation of some nonfibrillar aggregates (D). Panel E shows a TEM image of 1-day-old protein aggregates
induced by SDS. Panel F is similar to panel E, but with the sample incubated for 1 month. Bars are 100 nm long.

Fle— F LTI eTTTTTTTTTTA It is important to note that some structure is also induced
/ , ' in a-synuclein at increased temperatures or lowered pH
] || ' FibriISE [Figure 2B and Figure S4 of the Supporting Information
\ E DT ! (39)]. However, the level of structure induced under these
heoes Iple s et j conditions is minimal. Furthermore, no cooperative temper-
FIGURE 7- Model_f_c;r;-_s;/;u];l_e_ié_fél_d_iag;_a_r;o_l :31;;_g_r<_aéation. Mon. ature-induced transition is observed in the absence of SDS.
omeric a-synuclein folding (left of dashed box) and possible Therefore, the previously observed partially folded forms of
simplified model for a-synuclein misfolding and aggregation a-synuclein at high temperature or acidic pH are very
(?fitShed 'tbhO)'()' Ul an?} Fl relpresetm tthgoﬁgf?ﬁ fgignl?f;'gric F()ertein different from the F and | thermodynamic states that we
ﬁ':oﬁf ;/glp)relsr]e(:;?a(jsilf?gen(et I((:)%-Cgrn gfrf]-bar}hml/ay moligjo%ericagtates obsgrve in the presence of SDS. In addition, S|mp[e and
populated during fibril formation. fluorinated alcohols have been demonstrated to induce
folding in a-synuclein 61). In the case of the simple alcohols

studies of a-synuclein conformational properties in the (i-€., methanol, ethanol, and propanol), folding of the protein

presence of SDS or other lipid mimetics are directly relevant 0ccurs over a broad range of concentrations (e.g-60%6,
for understanding the protein’s physiological role. vlv) and was found to correlate with the decrease in the

f dielectric constant of the media. In contrast, the monomeric

A | three-stat del d ibing the foldi
genera Tee-saie moce Cescriing e foeing o form of SDS inducesu-synuclein folding within a very

monomerica-synuclein emerges from our extensive ther- f . 8120 mM dSDS
modynamic studies performed under different SDS, temper- "a"oOW range o concentrations (e.g., m ).’ an
ature, and pH conditions. This model is depicted in at concentrations below the CMC does not significantly affect

Figure 7 (to the left of the dashed box). There are three well- € dielectric constant of the solutior2). Fluorinated
defined equilibrium thermodynamic states: an unfolded state 2/C0Nols (€., 2,2,2-trifluoroethanol and 1,1,1,3,3,3-hexafluoro-
(U), a state with high degree of-helical character (F), and ~ 2-Propanol) exhibited more complex behavidglk A

another state exhibiting intermediate folding (I). Changes in common theme for all the cosolvents (i.e., simple and
solution conditions (e.g., SDS concentration, pH, and tem- fluorinated alcohols, and SDS), however, is that at relatively

perature) effectively shift the population of each of the F, | lower cosolvent concentrations, partially folded intermediates

and U states (Figure 4). This observation of distinct helical that eénhance the protein’s propensity to aggregate are
states under different conditions highlights the apparent POPUlated, which suggests thatsynuclein has a strong
intrinsic propensity ofo-synuclein to adopt alternate con-  intrinsic propensity to form such intermediates.

formational states in the presence of lipid-like molecules. It  Possible Structures of the F and | Statégparently
remains to be seen whether these alternate conformationsonflicting reports about the structure@fsynuclein induced
are important in the synaptic or other biological functions in the presence of lipids and lipid mimetics have appeared
of a-synuclein. in the literature. Several NMR structural studies of wild-
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type and mutant (A30P and A53T)-synuclein have been  disease, the structural and mechanistic basieifsynuclein
carried out in the presence of SDS micell26,@3, 44, 63). aggregation is yet to be well understood. Conditions promot-
These NMR data are all consistent with arsynuclein ing accumulation of partially unfolded protein conformations
structure composed of two amphipathic helices (i.e., residuesoften promote protein aggregatio®dj. Furthermore, previ-
1-41 and 45-94), separated by a short loop or a break at ous work ona-synuclein has also demonstrated that partial
residues 4244. Backbone dynamics studies also indicated structure formation can accelerate the aggregation process
flexibility in the linker region @4). In contrast with these (39, 61). Our three-state model far-synuclein folding in
NMR results, EPR analysis of several site-labetedy- the presence of SDS, accompanied by significant increases
nuclein mutants in small unilamellar vesicles was interpreted in structure, raises the question of whether aggregation may
as evidence of an elongated helical structure devoid of proceed via one of the partially folded states. Our results
significant tertiary packing24). Residues 4244 were seen  indeed show that conditions that favor populating F (low
to be ordered, and residue 44 was seen to be involved inpH, 1 mM SDS) result in very rapid aggregation. However,
membrane interaction. The apparent discrepancy in the twoour EM data show that while rapid aggregation to smaller
sets of structures has been attributed to differences in theoligomeric species is accelerated by SDS, the transformation
nature of SDS micelles and small unilamellar vesicles. It to fibrils is retarded. Interestingly, smaller aggregates with
has been suggested thatsynuclein binding as a single similar morphology are obtained by gentle mechanical
contiguous helix to high-curvature SDS micelles would result agitation of long fibrils (Figure 6D), raising the possibility

in curvature-induced strain in the protein, thereby forcing it that the oligomeric aggregates observed in the presence of
to instead adopt a broken helix structugf)( Our results SDS may be kinetically trapped structural intermediates on
provide a link between the two seemingly unrelated structuresthe fibrillation pathway. In contrast with the observed
and also allow the different observations to be placed within accelerated aggregation at low pH, we find that conditions
the context of a unified multistate folding model. In the favoring the | state (high pH, 1 mM SDS) result in no
regime of SDS concentrations used in the NMR structural significant aggregation. Even preformed aggregates are dis-
studies (i.e., much above CMC), we observe the partially solved under alkaline conditions. These results appear to indi-
folded micelle-bound | state, which must therefore cor- cate that aggregation may proceed via the F state. However,
respond to the broken helix structure observed by NKI. ( given the complexities of even a highly simplified aggrega-
From Figure 2B, this micelle-bound | state is slightly more tion model (Figure 7), a more detailed mechanistic under-
structured compared to its unbound counterpart. However, standing of this process must await further experimentation.
the thermal response behavior of the two forms of | state is |, conclusion, we have carried out a detailed thermody-

very ;imilar, as evidenced by the virtually identical slop(_as namic analysis ofi-synuclein folding by SDS. We find that
describing the temperature dependence of the mean residug minimal three-state folding model explains our data under
ellipticities. This observation supports the idea that the 4 variety of SDS, temperature, and pH conditions. This
micelle-bound and unbound forms of the | state have very natively unfolded protein appears dynamic, having the ability
similar structures and interactions with SDS, also consistent i aqopt distinct structures under different conditions, features
with the results of our protein phase diagram analyses ihat may play important roles in its biological activity.
(Figure 4). We therefore suggest that the | state observed ining|ly, conditions stabilizing the F state accelerate aggrega-
the absence of micelles is also a brokehelix and thatthe i tg smaller oligomers, which may either be on-pathway
somewhat higher average level of structure observed aboveermediates to fibrillation or off-pathway trapped species.
CMC may be due to the greater rigidity (and hence stability) \yhjle the basis for-synuclein toxicity is still the subject
imposed on the-helical structure in the micelle-bound state. ot qepate, a key role for oligomeric intermediates has been
Additionally, given its higha-helicity, we suggest that the  igentified 65—68). The formation of smaller aggregates from
observed F state may correspond to an elongated helix similagipiis py gentle mechanical agitation suggests that fibrils
to that observed by EPR. A state with similarly high may a1s0 be fragmented to smaller and potentially toxic
a-helicity is also populated at very high SDS concentrations jigomeric species in vivo, indicating that inhibition of earlier
(i.e., >200 mM; see panels B and C of Figure 1), where giages of aggregation may be preferable as a therapeutic
elongated and lower-curvature SDS micellar structures arégirateqy against-synuclein-related diseases. In this context,
expected §2 and references cited therein). These observa- ,ither understanding of the specific pathway leading from
tions are consistent with discontinuous features in NMR o natively unfolded state of monomexiesynuclein via
chemical shift data, which hinted at multipée-synuclein the F or | states to oligomeric aggregates or fibrils may

transitions during a SDS titratiod4). To conclude, our data  rovide insights into the design of drugs inhibiting specific
indicate that SDS is capable of inducing a folded form of early steps in this complex process.

o-synuclein with higha-helicity and thata-synuclein can

exist in multiple structural and thermodynamic forms at AckNOWLEDGMENT
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SUPPORTING INFORMATION AVAILABLE

Figures presenting ITC data for SDS micelle formation
in buffer, a-synuclein CD thermal scan data at 1 mM SDS
using different protein concentrations, three-state analysis of
a-synucleinr-monomeric SDS isothermal titration data, and
protein CD spectral scan data under different pH conditions
in the absence of SDS. This material is available free of
charge via the Internet at http://pubs.acs.org.
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