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ABSTRACT. Intracellular proteinaceous inclusions (Lewy bodies and Lewy neuriteg}synuclein are
pathological hallmarks of neurodegenerative diseases such as Parkinson’s disease, dementia with Lewy
bodies (DLB), and multiple systemic atrophy. The molecular mechanisms underlying the aggregation of
o-synuclein into such filamentous inclusions remain unknown, although many factors have been implicated,
including interactions with lipid membranes. To model the effects of membrane fieldssynuclein,

we analyzed the structural and fibrillation properties of this protein in mixtures of water with simple and
fluorinated alcohols. All solvents that were studied induced foldingu-afynuclein, with the common

first stage being formation of a partially folded intermediate with an enhanced propensity to fibrillate.
Protein fibrillation was completely inhibited due to formationgeétructure-enriched oligomers with high
concentrations of methanol, ethanol, and propanol and moderate concentrations of trifluoroethanol (TFE),
or because of the appearance of a higidizelical conformation at high TFE and hexafluoro-2-propanol
concentrations. At least to some extent, these conformational effects mimic those observed in the presence
of phospholipid vesicles, and can explain some of the observed effects of membranesyouclein
fibrillation.

Parkinson's disease (PDjs the second most common nantly inherited, early-onset PD®,(10). Furthermore, the
neurodegenerative disorder, after Alzheimer’s disease, andproduction of WTo-synuclein in transgenic mic& ) or of
affects >1% of the U.S. population over the age of 60. the wild type, A30P, and A53T in transgenic fliek?] leads
Clinically, PD is a movement disorder, due to the progressive to the motor deficits and neuronal inclusions reminiscent of
loss of dopaminergic neurons from tlseibstantia nigra PD. These observations indicate tlhasynuclein is a key
Some surviving nigral dopaminergic neurons contain cyto- player in the pathogenesis of several neurodegenerative
solic filamentous inclusions known as Lewy bodies and disorders.

Lewy neurites {, 2). LBs and LNs also are also found in  ¢-Synuclein is a small (14 kDa), soluble, intracellular,
other brain regions and several other neurodegenerativemgmy conserved protein, of unknown function, that is
disorders 2—6). The basis for the degeneration of dopam- apundant in various regions of the brali8¢16), and has
inergic neurons in PD patients is still unknown. However, peen estimated to account for as much as 1% of the total
several observations lead to the conclusion that aggregatiorprotein in soluble cytosolic brain fractionslg). It is
of the presynaptic protein-synuclein is involved in the  characterized by the presence of acidic stretches within the
pathogenesis of PIu-Synuclein was shown to be a major  C-terminal region and a repetitive motif, KTKEGV, in the
fibrillar component of LBs and LNs7 8). Two different first 93 residuesi(6, 17). Such a periodicity is characteristic
missense mutations in thesynuclein gene, corresponding  of the amphipathic helices of apolipoproteiris,(18, 19)
to AS3T and A30P substitutions im-synuclein, have been  and providest-synuclein with a class A2 lipid-binding helix
identified in two or three kindreds with autosomal-domi- motif, distinguished by the clustered basic residues at the
polar—apolar interface, positionest100° from the center
" This research was supported by Grant RO1 NS39985 from the Of the apolar face; a predominance of lysines relative to
National Institutes of Health. arginines among these basic residues; and several glutamate
*To whom correspondence should be addressed: Department of residues at the polar surfacEd-21). In accord with these
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recognition 87, 39, 41). In the presence of several divalent extensivex-helical structure. Interestingly;rich oligomers
and trivalent metal ions4@) or several common pesticides were also observed at moderate concentrations of TFE.
(44, 45), a-synuclein has been shown to adopt a partially

folded conformation, which is critical for fibrillation. How- MATERIALS AND METHODS

ever, the binding ofu-synuclein to synthetic and natural
membranes is accompanied by a dramatic increase in
a-helical content20—22, 28, 46). Thioflavin T was obtained from Sigma (St. Louis, MO).

In zitro a-synuclein readily assembles into fibrils, with All other chemicals were analytical grade from Fisher
morphologies and staining characteristics similar to those of Chemicals or VWR Scientific. Methanol, ethanol, propanol,
fibrils extracted from disease-affected braB0,(47—56). 2,2,2-trifluoroethanol, and 1,1,1,3,3,3-hexafluoro-2-propanol
Fibrillation occurs via a nucleation-dependent mechanism were purchased from Aldrich. The dielectric constant values,
(49, 54) with the critical primary stage being formation of a ¢, for water, methanol, TFE, ethanol, propanol, and HFiP
partially folded intermediate3(Q). Interestingly, accelerated were taken to be 78.3, 33.1, 27.7, 25.3, 20.8, and 16.7,
a-synuclein aggregation and fibrillation have also been respectively. In the case of a mixture of two solvents, an
detected as a result of the protein exposure to long chainaveragedéllvalue was used, determined by the equation
fatty acids b67) and upon its interaction with lipid droplets  [é[= mex + nez, Wheren is the mole fraction of component
(27). On the basis of these observations, it has been assumed (. + N, = 1) ande; is its dielectric constant.
that a-synuclein may exist in two structurally different
isoformsin vivo: a helix-rich, membrane-bound form and Methods
a disordered, cytosolic form, with the membrane-bound Purification of o-SynucleinHuman wild-type (WT)a-sy-
o-synuclein generating nuclei that seed the aggregation ofnuclein was expressed in ttiescherichia coliBL21(DE3)
the more abundant cytosolic forrbg). cell line transfected with the pRK17®/synuclein WT

The membrane-bound form af-synuclein represents  plasmid (kind gift of M. Goedert, Medical Research Council,
~15% of the totala-synuclein b68). This suggests that Cambridge, U.K.) and purified as previously describ@8) (
o-synuclein is only transiently associated with the neuronal with some modifications. Anion-exchange chromatography
membranes, and the majority afsynuclein is in the non-  was performed on a Pharmacia AKTA FPLC system using
membrane-bound form. Precedents exist for membranea 5 mL High-TrapQ column. The protein was eluted with
surfaces modifying protein structure in cel&9( 60). The an NaCl gradient and dialyzed extensively against di-ionized
negative electrostatic potential of the membrane surface canwater and then lyophilized in small aliquots (2 mg).
induce attraction of protons from the solution, resulting in a Lyophilized protein was stored at80 °C. All protein
noticeable local decrease in pH on the membrane surfacealiquots were dissolved immediately before use in 2 mM
and formation of a pronounced pH gradient in its nearest NaOH; the pH was adjusted to 11.0 with NaOH, and the
surroundings €1, 62). This local decrease in pH does not protein was incubated for 10 min at room temperature (to
exceed 2 units in salt-free solution82j. It is evident that dissolve any seeds) before the pH was readjusted to 8 with
such “acidification” of the local environment is insufficient HCI. Solutions were centrifuged at 14 000 rpm for 15 min
for pH-induced denaturation of the majority of globular to remove large aggregates, and the supernatant was taken
proteins, and so cannot be considered as the sole denaturingpr the assay. The purity of the resultant protein was assessed
factor of the membrane surface. On the other hand, it is by PAGE, gel filtration, and electrospray mass spectrometry.
known from classical electrodynamics that the effective The protein concentration was determined by measuring the
dielectric constante) of water at the waterhydrophobic absorbance at 275 nm and using an extinction coefficient of
medium interface is significantly lower than in the bulk water 0.40.

(63). Such a local decrease in the dielectric constant near Circular Dichroism (CD) Measurement€D spectra were
the membrane surface is an additional denaturing factor of obtained on an AVIV 60DS spectrophotometer (Lakewood,
the membranes@, 60). NJ) usingoa-synuclein concentrations of 0.5 mg/mL. Spectra

Water/alcohol mixtures at moderately low pH values have were recorded in 0.01 cm cells from 250 to 190 nm with a
been suggested as model systems for studying the joint actiorstep size of 1.0 nm, a bandwidth of 1.5 nm, and an averaging
of the local decrease in pH and dielectric constant near thetime of 4 s. For all spectra, an average of eight scans was
membrane surface on the structure of prote&® 60, 64— obtained. CD spectra of the appropriate buffers were recorded
67). and subtracted from the protein spectra.

In a quest to model the effect of membrane fields on  FTIR SpectraData were collected on a Thermo-Nicolet
o-synuclein, we analyzed the structural properties and Nexus 670 FTIR spectrometer equipped with a MCT detector
aggregation and/or fibrillation propensities of this protein in and an out-of-compartment germanium trapezoidal internal
mixtures of water with alcohols with aliphatic chains with reflectance element (IRE). The hydrated thin films were
different lengths (methanol, ethanol, and propanol), and prepared and analyzed as described previol&dy. (Typi-
fluoro alcohols (TFE and HFiP). Low concentrations of all cally, 256 interferograms were co-added at I tnesolution.
the solvents studied induced a partially folded intermediate Data analysis was performed with GRAMS32 (Galactic
of a-synuclein, which strongly correlated with the propensity Industries). The secondary structure content was determined
to fibrillate. However, protein fibrillation was completely from curve fitting to spectra deconvoluted using second-
inhibited at high solvent concentrations, with the structural derivative and Fourier self-deconvolution to identify com-
effect being different for the different classes of solvents. ponent band positions.

Thus, whereas MeOH, EtOH, and PrOH induggdich Analysis of Spectroscopic Data in the Form of Parametric
oligomers and amorphous aggregates, TFE and HFiP inducedependenciesThe “phase diagram” method of analyzing

Materials
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spectroscopic data is extremely sensitive for the detection 30000
of intermediate states7(—73). Although this method was
developed for the analysis of fluorescence data, it can be
used with any spectroscopic technique. The essence of this
method is to build up the diagram fl,) versud (1), where

I(41) andl(4,) are the spectral intensity values measured at
wavelengthsl; andZ,, respectively, under different experi-
mental conditions for a protein undergoing structural trans-
formations 70—73). -10000

Thioflavin T Fluorescence AssayAssay solutions con-
tained the protein at a concentration of 1.0 mg/mL gR0) -20000
in 20 mM Tris-HCI and 0.1 M NaCl (pH 7.5 at room 100001
temperature), containing 20M ThT with various concentra-
tions of alcohols as indicated. A volume of 150 of the
mixture was pipetted into a well of a 96-well plate (white
plastic, clear bottom), and g in. diameter Teflon sphere
(McMaster-Carr, Los Angeles, CA) was added. We have
shown that the kinetics ofx-synuclein fibrillation are
unaffected by the presence of ThT during incubation under
these conditions. Each sample was run in triplicate or
quadruplicate. The plates were sealed with Mylar plate
sealers (Dynex). The plate was loaded into a fluorescence
plate reader (Fluoroskan Ascent) and incubated &C3&ith
shaking at 150 rpm with a shaking diameter of 20 mm. The
rate of fibrillation showed some dependence on the shaking
speed, and a constant shaking speed was used for all samples
within each experiment. The samples were shaken to speed
the rate of fibril formation. The fluorescence was measured
at 15 min intervals with excitation at 450 nm and emission
at 485 nm, with a sampling time of 100 ms. Data from -40000 : ; , , :
replicate wells were averaged before plotting fluorescence 190 200 210 220 230 240 250
versus time and fit to an empirical equatiord). Control Wavelength (nm)
experiments showed that the concentrations of alcohols useq: i . .
. . . o IGURE 1. Effect of alcohols oru-synuclein conformation. Far-
in these exper.|ments did not significantly gffgct the fluores- \;y, cp spectra measured far-synuclein in the presence of
cence properties of ThT when bound to fibrils. increasing concentrations of different organic solvents. (A) For

Dynamic and Static Light Scatteringdynamic light ethanol, the order of concentrations with increasing negative

. . ellipticity at 220 nm is 0, 5, 10, 14, 18, 22, 28, 34, 40, 50, and
scattering measurements were performed with a DynaPro6o%_ (B) For TFE, the order of concentrations with increasing

instrument. Static light scattering measurements were per-pegative ellipticity at 220 nm is 0, 2, 5, 6, 8, 10, 11, 12, 14, 15, 16,
formed in semimicro quartz cuvettes (Hellma) kvéa 1 cm 20, 22, 24, 25, 28, 30, 32, 35, 40, 50, and 60%. (C) For HFiP, the
excitation light path using a FluoroMax-3 spectrofluorometer order of concentrations with increasing negative ellipticity at 220
from Instruments S.A, Inc. Jobin Yvon-Spex. Scatiering 18,5 R B2 T 2 T T o e hanl, Measure-
profiles were recorded from 300 to, 400 nm with e.XCItatlon ments were carried out at 2C€ and protein concentratioﬁs of 0.5
at 350 nm. For each sample, the signal was obtained as theng/mL.
intensity at 350 nm from which a blank measurement
recorded prior to addition af-synuclein to the solutionwas  presents far-UV CD spectra foo-synuclein solutions
subtracted. All data were processed using DataMax/GRAMS containing different concentrations of alcohols. Figure 1
software. shows that in the absence of alcohol the spectrum of
Electron MicroscopyTransmission electron micrographs oa-synuclein was typical of an unfolded polypeptide chain,
were collected using a JEOL JEM-100B microscope operat- with a minimum in the vicinity of 196 nm, and the absence
ing with an accelerating voltage of 80 kV. Typical nominal of characteristic bands in the vicinity of 24@30 nm. The
magnifications were 75000, Samples were deposited on addition of any of the alcohols increased the content of
Formavar-coated 300 mesh copper grids and negativelysecondary structure manifested by a decrease in the minimum
stained with 1% aqueous uranyl acetate. at 196 nm accompanied by an increase in negative ellipticity
around 222 nm. Interestingly, the shape and intensity of far-
UV CD spectra measured at low concentrations of all the
solvents studied were close to those reported for the specific
partially folded intermediate induced im-synuclein by a
Far-UV Circular Dichroism SpectraThe effects of the  decrease in pH or an increase in temperat\8@), (the
simple alcohols (methanol, ethanol, and propanol) and fluoro presence of divalent and trivalent metal iod8)(or several
alcohols (TFE and HFiP) on thee-synuclein structure have  common pesticidestd, 45), or moderate TMAO concentra-
been compared using far-UV CD spectroscopy. Figure 1 tions (75). This partially folded intermediate conformation
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Table 1: Oligomeric State af-Synuclein as a Function of Alcohol Concentration and Time of Incub&tion

prior to incubation after incubation for 60 h

conditions conformation scattering (cps) conformation scattering
pH 7.5, no alcohol unfolded 35 06D 3000 fibrillar 250 000+ 5000
10% MeOH partially folded 37 00& 3000 fibrillar 370 000+ 10000
40% MeOH p-structural 520 00@: 10000 amorphous 2110 08920000
5% TFE partially folded 36 008- 3000 fibrillar 420 000+ 20000
15% TFE p-structural 410 00@- 10000 amorphous 1630 0@920000
40% TFE a-helical 33 000+ 3000 o-helical 125 000G+ 7000
2.5% HFiP partially folded 33 00& 3000 fibrillar 330 000+ 10000
30% HFiP a-helical 37 000+ 3000 o-helical 63 000+ 5000

a Static light scattering (see Experimental Procedures) was measured for selected aqueous/alcohol mixtures containing 6-Symgéfein.

is associated with fibrillation. These initial structural changes 0 20000
observed by CD were completely reversible (data not shown) L 15000
and were independent of protein concentration (at least in
the range of 0.12.5 mg/mL; see below). This indicates that
the increase in the level of structureafsynuclein induced

by low concentrations of the alcohols represents an intramo-
lecular process and not self-association.

Subsequent structural transformationsoirsynuclein at
higher solvent concentrations were dependent on the type
of alcohol. Thus, using ethanol as an illustrative example
for the simple alcohols, higher concentrations induced a
transformation of-synuclein into g3-sheet-enriched con-
formation (Figure 1) based on the pronounced minimum in
the vicinity of 218 nm, which is typical of folded proteins 0 20000
with extensives-structure. As discussed subsequently, the - 15000
[-rich species involves oligomeric forms afsynuclein. A
different situation was observed in HFiP. Figure 1C shows
that for this solvent the transition started from the same
partially folded intermediate but ended with formation of a
helix-rich species, as shown by the two minima, at 208 and
222 nm, in the CD spectra. The latter behavior has been
previously observed for a number of proteins and interpreted ~10000 1
in terms of alcohol-induced stabilization of helical structure. 12000 ' ' ' 20000
A third effect of organic solvents was observed with TFE 40 50 60 70 80
(Figure 1B). In this case, an increase in TFE concentration Dielectric constant
initially induced formation of the partially folded intermedi-  Ficure2: Solvent dielectric constant as the main factor determining
ate; then in the vicinity of 15% TFE, thestructure-enriched  the effect of alcohols on-synuclein conformation. Effects of the

species was formed, and finally, at high TFE concentrations, Simple alcohols [MeOHQ), EtOH (v), and PrOH )] on the far-

>35%, the a-helical conformation was observed. This YV CD spectrum ofi-synuclein. (A) Dependencies df]pz. (black
L - . symbols) and{]19s (white symbols) on alcohol concentration. (B)
species is initially monomeric but undergoes association OVer Bependencies 022 (black symbols) andé1es (White symbols)

longer times (see Table 1). on the dielectric constant of the media in the presence of the
Structural Effects of Simple Alcoholsicreasing concen-  &lcohols.
trations of the three simple alcohols that were investigated . . . .
induced similar changes i-synuclein secondary structure, for structyral transformatlons induced by.dlfferent organic
as illustrated in Figure 2A which represents the dependenciesSCVents in a globular proteirf-lactoglobulin €5, 76).
of [6]; on alcohol concentration. Interestingly, the position ~ B-Structure Formation ire-Synuclein Induced by Simple
of the transitions shifted toward lower alcohol concentrations Alcohols Is Drien by AggregationAggregation or self-
with increased aliphatic chain length. This suggested that association is a characteristic property of partially folded
the driving force for the structural rearrangements of the (denatured) proteins7{—=81). It has been shown that the
protein might be the change in the solvent hydrophobicity. self-association may induce additional structure and stability
Figure 2B, where the results are presented as the dependin partially folded proteinsg2—84), frequently an increase
encies of P]22; and []10s 0N the dielectric constant of the in B-structure content. The structural changes induced in

media, confirms this assumption. Using such coordinates, o-synuclein by high concentrations of MeOH, EtOH, and
the structure-forming effects of different alcohols are de- PrOH were not reversible once the alcohols were diluted out,
scribed by a single set of “master” curves. In other words, suggesting that association had occurred. This was confirmed
the folding ofa-synuclein in mixtures of water with simple by dynamic light scattering experiments. DLS analysis of
alcohols directly correlates with the decrease in the dielectric the initial incubation of 0.5 mg/mLo-synuclein in 50%
constant of the media. Similar effects have been describedMeOH revealed the absence of monomer and a mixture of
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Ficure 3: Comparison of the effects of simple alcohols with -20000 : ‘
fluorinated alcohols on the conformation of-synuclein. (A) -30000 -20000 -10000 0
Ethanol, as an illustrative representative for the simple alcohols, 5 2 4ol
(B) TFE, and (C) HFiP. The effects of solvent concentration were (012, (deg cm” dmol™)
measured on the:-synuclein far-UV CD spectra: 622, (black FiGURe 4: Alcohols induce multiple transitions in-synuclein
symbols) and §].¢s (White symbols). Note the different ellipticity ~ structure. Phase diagrams, based on plots6dfod vs A[6]222,
scales. representing the effect of different alcohols @fsynuclein struc-

ture: (A) simple alcohols [MeO.HOé),.EtOH (v), and PrOH [0)],
O“gomers W|thRs|n the range of 2560 nm, with an average (B) TFE, (C) HFiP. Each Stra|ght line represents an all-or-none

. . transition between two conformers. Transitions are numbered
of 40 £ 10 nm. Although there was no insoluble material starting from the unfolded conformation. The phase diagrams are

initially, precipitation occurred over time. Similarly, at higher pased on the fact that the relatitiy) = f[1(1,)] will be linear if
protein concentrations>3.0 mg/mL), detectable protein changes in the protein environment lead to an all-or-none transition
precipitation was observed almost immediately. Thus, in the FEEERR B8O 8 Herer o e of the structural wansior

; ; . uncti uenti uctu -
preselnce of high concentratlops of simple alcohalsy- . mations, and each linear portion of the dependence describes an
nuclein underwent a conformational change and self-associ-ingividual all-or-none transition. For example, panel C shows three

ated to form oligomers, which aggregated and formed distinct transitions.
insoluble (nonfibrillar) precipitates at higher protein con- The results for MeOH were used to illustrate the general

centrations or longer times. . :
trends observed with the simple alcohols.

Static light scattering was used to monitessynuclein Comparison of Simple and Fluoro AlcoholStructure-
association in the presence of the simple alcohols. Theforming effects of simple and fluoro alcohols are compared
magnitude of light scattering increased significantly at higher in Figure 3, which illustrates the dependencies @f, [on
concentrations of simple alcohols, reflecting the formation the concentrations of EtOH, TFE, and HFiP. The underlying
of large particles, either soluble oligomers or insoluble folding mechanisms of the different solvents are very
aggregates. At low alcohol concentrations, the initial species distinctive. For example, panels A and C of Figure 3 show
were monomeric; however, with increasing times of incuba- that an increase in the concentration of either EtOH (as well
tion, the light scattering increased, indicating self-association as other simple alcohols; see Figure 2) or HFiP is ac-
of a-synuclein. Some representative data from experimentscompanied by an apparent two-state formation of folded
with 0.5 mg/mL a-synuclein are summarized in Table 1. species (tg3-sheet oro-helix for EtOH and HFiP, respec-
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tions (namely, the natively unfolded state, the partially folded
A D intermediate, and thg-structure-enriched species) induced
8 8 in a-synuclein by MeOH, EtOH, and PrOH.
% % Figure 4B shows that the structural changes induced in
- 8 o-synuclein by TFE are the most complex ones, as the
corresponding phase diagram has five linear parts. Some
interesting information about the nature of the TFE-induced
1700 1675 1650 1625 1600 1700 1675 1650 1625 1600 transformations ofa-synuclein could be extracted from
Wavenumber (cm™) Wavenumber (cm-!) comparison of the data presented in the traditional form
(Figures 1 and 3) and in the form of parametric dependencies
B E (Figure 4). Thus, the linear regions in Figure 4 may be
attributed to the following structural transitions: (I) natively
8 S unfolded— partially folded intermediate (610% TFE), (II)
§ (g“ partially folded intermediate~ g-structure-enriched (10
g g 15% TFE), (Ill) transformations within thes-structure
species (1525% TFE), (IV)3-structure-enrichee a-heli-
cal (25-35% TFE), and (V) rearrangements within the
1700 1675 1650 1625 1600 1700 1675 1650 1625 1600 o-helical species (3560% TFE). As with the simple
Wavenumber (cm") Wavenumber (cm"") alcohols, g-structure formation induced by TFE was ac-
companied by protein oligomerization. The light scattering
c data for the effects of TFE are interesting (Table 1).
o-Synuclein was initially monomeric at a low (7.5%) TFE
g concentration but became oligomeric by 15% TFE, and was
%’ monomeric again at high TFE concentrations (e.g., 40%).
g After long time periods, aggregation was observed for all
TFE concentrations (Table 1).
The structural changes induced dasynuclein by HFiP
1700 1675 1850 1625 1600 (Figure 4C) constitute three transitions: (I) natively unfolded
Wavenumber (cm™) — partially folded intermediate (3% HFiP), (II) partially

FicUrRe 5: FTIR secondary structure analysis @fsynuclein in folded intermediate— o-helical conformation (310%
different conformational states: (A) natively unfolded (pH 7.4), HFiP), (Ill) rearrangements within thee-helical species (10

(B) partially folded intermediate, induced by low concentrations 209 HFiP). None of these transitions was accompanied by
of solvents, with 10% MeOH used as an illustrative example, (C) protein association (see Table 1).

B-structure conformation induced by high concentrations of simple ] ) )
alcohols or moderate concentrations of TFE, with 40% MeOH used ~ FTIR Analysis of Organic Seént-Induced Conformations.

as an illustrative example, (Dy-helical form observed in high  The data presented above are consistent with the conclusion
concentrations of fluoro alcohols, 20% HFiP, and (E) fibrils from that organic solvents may induce at least three major different

aqueous buffer. FTIR spectra of the amide | region are shown as f fi | stat : lei tially folded
solid lines. Curve fit spectra are shown as dotted lines. Results of coniormational states Ire-synuciéin, a partially tolde

deconvolution (FSD and second-derivative) and curve fitting of the intermediateg3-structure-enriched oligomers, and monomeric
FTIR spectra are summarized in Table 2. Peaks in the vicinity of o-helical species. These conformations were further char-

1625 and 1637 crt correspond tg-structure. acterized by FTIR. The FTIR spectrum af-synuclein

) ) . measured in the absence of organic solvent is typical of an

tively). The structure-forming effect of TFE is more complex | nfolded polypeptide, whereas spectra measured under other

and involves at least three structural transitions, separatingconditions show significant changes, indicative of an increase

four different conformations (see Figure 3B). in the level of ordered structure (Figure 5A). For example,
To further elucidate the mechanism of alcohol-induced spectra measured in the presence of low alcohol concentra-

conformational transformations, we have used the methodtions show a new shoulder in the vicinity of 1626 cin

of parametric dependencies or “phase diagrams”. Accordingwhich corresponds t8-sheet or extended structure (Figure

to this method, the dependence 6§} versus p];. will be 5B). This means thato-synuclein contains significant
linear if changes in the protein environment lead to all-or- amounts off-structure in the partially folded intermediate
none transitions between two different conformatior3— conformation (cf. ref30). At high concentrations of simple

73). On the other hand, nonlinearity of this function reflects alcohols (or at 1520% TFE), the magnitude of this band
multiple sequential transformations. Each linear portion of further increases, reflecting subsequent enhancement of
such a plot describes an individual all-or-none transition. S-structure content due to oligomerization (see Figure 5C),
Figure 4 represents the phase diagrams for the structuralwhereas the FTIR spectra measured in the presence of high
changes induced in-synuclein by the different alcohols. concentrations of fluoro alcohols were typical of those of
Figure 4A shows that the difference in the length of the o-helical proteins (Figure 5D). Finally, as expected, the FTIR
aliphatic chain did not affect the shape of the plots obtained spectrum ofx-synuclein fibrils shows the major contribution
for the simple alcohols, the phase diagrams of which were from 3-sheet (Figure 5E). Deconvolution (FSD and second-
completely superimposable. These phase diagrams consistederivative) of the FTIR spectra followed by curve fitting

of two linear parts, reflecting the existence of at least two allowed quantitation of the secondary structure in the
independent transitions separating three different conforma-different conformations (Table 2).
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Table 2: Secondary Structure Content of HuneaB8ynuclein in Various Conformational States, Determined by FTIR

natively unfolded, pH 7.5 partially folded, pH 3.0 fibrils, pH 7.5
structural assignment wavenumber (&n area (%) wavenumber (crH area (%) wavenumber (crH area (%)
turn orf-sheet 1691 11 1690 14 1683 2.8
turn 1681 9.6 1678 5.1 1673 9.2
loops/disordered 1665 18.4 1667 17.7 1964 13.8
disordered 1649 62.1 1654 27.6 1651 13.4
B-sheet 1639 22.4
B-sheet 1625 8.8 1625 25.8 1629 60.8
partially folded, 10% MeOH p-structure, 40% MeOH a-helical, 20% HFiP
structural assignment wavenumber (dn area (%) wavenumber (ctH area (%) wavenumber (cth area (%)
turn or-sheet 1689 4.2 1693 1.2 1687 2.9
turn 1677 104 1680 13.4 1675 9.8
loops/disordered 1664 23.4 1664 24.4 1665 14.6
disordered 1652 293 1652 24.4
o-helix 1653 40.7
B-sheét 1635 28.2 1638 17.7 1637 22.7
B-sheet 1621 45 1624 18.9 1625 9.3

aThe estimated error in the frequenciestis.5 cnT?, and+3—5% for the areas’ Or the extended conformatiohThese values could contain
some contribution fronw-helical structure.

Effect of Alcohols on the Fibrillogenesis afSynuclein p-sheet- and-helix-enriched conformations was amorphous
o o . ) ) ) aggregate. A very few short and diffuse fibrils were also
_Kinetics of Fibril Formation.The histological dye thiofla-  opserved. This gives additional confirmation of the effective
vin T (ThT) is widely used for the detection of amyloid fibrils  jnnipition of fibrillation by the-sheet- ana-helix-enriched
(85—88). Time-dependent changes in the ThT fluorescence ¢qnformations.

during the incubation ofi-synuclein at 37C as a function

of different concentrations of alcohols are shown in Figure piSCUSSION

6. Since all the simple alcohols gave similar results, only

those for ethanol are shown. The presence of the alcohols Our results demonstrate that organic solvents cause
affected the kinetics ofi-synuclein fibrillation in a concen-  natively unfolded a-synuclein to fold in a multiphasic
tration-dependent fashion. The rate of fibril formation was manner. The mechanism of such folding differed for different
substantially enhanced in the presence of low concentrationssolvents; however, all were characterized by a common first
of all the solvents that were studied, whereas it was stage leading to the formation of a previously described
completely inhibited in the solutions containing high con- critical partially folded intermediate3Q, 43—45, 75). The
centrations of simple and fluorinated alcohols. The accelera-subsequent fate of this intermediate was dependent on the
tion of fibril formation in the presence of low concentrations nature of the solvent (summarized in Scheme 1). Simple
of organic solvents is due to the alcohol-induced stabilization alcohols and moderate concentrations of TFE induced
of the partially foldeda-synuclein intermediate, which was  S-structure-enriched oligomers, whereas high concentrations
previously shown to be a critical step in the early stage of of fluoro alcohols gave rise to am-helical conformation.
fibrillogenesis of this protein30, 43—45, 55, 75). The fact These observations mean that, depending on the environment,
that in the presence of 40% EtOH or 20% T&Eynuclein the partially folded intermediate may self-associate, leading
self-associates to formi-structure-enriched oligomers, yet to fibrils, amorphous aggregates or soluble oligomers.
does not fibrillate, suggests that these oligomers are not onFurthermore, under all the conditions in which the intermedi-
the fibrillation pathway, and are quite stable. The same ate is populatede-synuclein fibrillates significantly faster
conclusion is also applicable for thehelical conformation than in control experiments. Thus, the intermediate appears
induced ina-synuclein by high concentrations of fluoro to be a critical species in the fibrillation pathway.

alcohols. This also may explain the lower-magnitude ThT  The far-UV CD and ETIR spectra of-synuclein in high
signal observed for this protein in the presence of moderateconcentrations of simple and fluorinated alcohols revealed
concentrations of organic solvents (see Figure 6). significant ordered secondary structure. The capacity of
Morphology ofa-Synuclein Aggregategibril formation concentrated organic solvents to induce structural changes
was further analyzed by electron microscopy (EM). In all in native globular proteins is well-established. Typically,
experiments, we observed a strong correlation between thealcohol-induced denaturation of globular proteins is ac-
ThT fluorescence signal intensity and the amount of fibrils companied by a characteristic increaseaitelix content
determined from EM images. EM analysis was also used to (64—67, 76, 77, 89—97). Much less is currently known about
study the morphology of aggregates induced.isynuclein the behavior of natively unfolded proteins in water/organic
by incubation in the presence of the different solvents. As mixtures @8—100); however, one would expect similar
illustrated in Figure 7, the overall morphology of fibrils effects. Fora-synuclein, it has been shown that solutions
grown in the presence of the alcohols is indistinguishable containing fluorinated alcohols or detergent micell@8, (
from that of fibrils grown in their absence. Furthermore, the 101), small unilamellar vesicled.02), or high concentrations
majority of aggregated material after incubation cofy- of TMAO (75) inducea-helical structure. Contrary to these
nuclein for several days under conditions stabilizing the observations, our data show that the effect of organic solvents
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S-lactoglobulin, by different alcohols have been directly
A attributed to the effect of the solvent polari§5 76). These
results, therefore, exclude contributions from specific pretein
alcohol interactions, indicating that water/alcohol mixtures
might be useful models for the effect of hydrophobic
500 membrane surfaces (the membrane field effect) on the
conformation ofo-synuclein and other natively unfolded
proteins. Our data are consistent with the conclusion that in
o mm‘"'“”""'" the membrane field (but prior to binding to the membrane)
a-synuclein first folds to the partially folded intermediate
o 10 20 30 40 50 conformation and then may form either fibrils or amorphous
Time (hrs) aggregates. The effect of the membrane on protein structure
will depend, in part, on the location of the protein relative
B to the membrane. There are three regions of importance: the
hydrophobic core which is closest to the center of the
membrane, followed by the interfacial region, extending
slightly beyond the phospholipid headgroups into the solvent,
and finally the field effect extending into the solvent.
Aqueous alcohol solutions will potentially mimic the latter
two regions.

Thus, on the basis of our results with the simple alcohols,
we can predict that the aggregation fatexe§ynuclein most
probably depends on its distance from the core of the
membrane: molecules localized in the proximity of the
membrane, i.e., the interfacial region, will most likely form
amorphous aggregates, whereas more distant molecules will
be more prone to forming fibrils.

In contrast to the simple alcohols, the underlying basis
for the effect of the fluorinated alcohols am-synuclein
conformation is more complex than the dielectric constant
alone. This is illustrated in Figure 8 (see the discussion

1000

TfT fluorescence

1000 -

500 A

TfT fluorescence

1000

500

TFT fluorescence

NAAAAL/ A A4

, _ meenessessene below) and reflects the specific interaction of the fluorinated
0 e —— alcohols with the protein, i.e., preferential solvation by the

0 10 20 30 40 50 fluorinated alcohols. Several recent publications have shown
that fluorinated alcohols preferentially bind to proteins,
_ o significantly affecting their solvation shell103—107),
Ficure 6: Effects of different alcohols on the fibrillation of whereas simple alcohols do ndt0@). In particular, it has

a-synuclein. Fibrillation was monitored with thioflavin T-Sy- :
nuclein was incubated at 3T with agitation in the various aqueous °€€N shown that the local concentration of TFE around

and organic solvents: (A) EtOH, (B) TFE, and (C) HFiP. The EtOH bombesin (a peptide of 14 amino acid residues) was nearly
concentrations were (8), 10 ©), 20 (v), 25 (V), and 50% M) twice the nominal value of the bulk concentratid®%). We

(tge gattsr t\lNoo °Ver1'gp)- ng TFE cczjng%[)}tratior;ﬁ V‘ﬁ{‘mtﬁ-5 assume that this effect might be substantially greater for
gvfe’naé).)%he (Ijl):’iP cﬁﬁentrgﬁninwereé)?l ((Oi ;_Sezv),rge larger proteins, and definitely will be more pronounced for
(v), 20 @), and 35% ) (the latter two overlap). The kinetics of ~ HFIP than for TFE. We assume that concentrated solutions
fibrillation were monitored by ThT fluorescence. Measurements of TFE and HFiP may be used to model the conformational
were performed at 37C with agitation. The protein concentration  changes induced in a protein due to its direct interaction with

was 1 mg/mL. the membrane surface. Thus, thehelical conformation

is more complex and depends on their nature and especiallynduced ina-synuclein by high concentrations of TFE and
their concentration. In the presence of high concentrations HFiP most likely corresponds to the membrane surface-
of simple alcohols or moderate concentrations of TFE, bound forms qf this proteln: |t.IS important to note that this
a-synuclein forms soluble and insoluble aggregates, enrichegconformation is unable to fibrillate.
with -structure, whereas high concentrations of fluorinated  In addition, as with the simple alcohols, an increase in
alcohols inducedx-helical conformation. the concentration of fluorinated alcohols decreases the
The structural transformations and oligomerization of polarity of the solvent and thus can modify protein structure
a-synuclein in simple alcohols were driven by the increase via the decrease in the solvent dielectric constant. This
in solvent hydrophobicity. In fact, the structure-forming potential effect on protein structure may be enhanced at
potential of the different simple alcohols was directly relatively low concentrations of fluoro alcohols due to their
proportional to the dielectric constant of the solution (Figure ability to preferentially solvate the protein. In Figure 8, the
2). This strongly supports the idea that the folding of change in §].2; is used as a surrogate for the amount of
o-synuclein in mixtures of water with simple alcohols is due secondary structure in-synuclein, and is plotted against
solely to the decrease in the dielectric constant. Similarly, the solvent dielectric constant (black symbols). The data for
the structural transformations induced in a globular protein, TFE parallel those for the simple alcohols, but at a higher

Time (hrs)
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Ficure 7: Negatively stained transmission electron micrographs of differesgnuclein aggregates induced by different alcohols. (A)
Fibrils prepared fronu-synuclein in the absence of organic solvents. (B) Fibrils from the partially folded intermediate induced by 10%
PrOH. (C) Fibrils from the partially folded intermediate induced by 5% TFE. (D) Amorphous aggregates from 15% TFE. (E) Fibrils from
3% HFiP. (F) From amorphous aggregates from 35% PrOH. The scale bars are 100 nm in length.

0 Scheme 1
Amorphous

Aggregate
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time
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EtOH, PrOH;
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0 20 40 60 80 Natively Unfoldled —— Partially Folded B-Structure
-— ——

Dielectric constant a-Synuclein Intermediate Oligomer

Ficure 8: Comparison of the hydrophobic effect of simple alcohols
with that of the fluorinated alcohols an-synuclein conformational
transitions. The data are displayed k4, vs dielectric constant: >10% HFiP
MeOH (black circles), EtOH (black inverted triangles), PrOH (black

squares), TFE (gray diamonds), or HFiP (gray triangles). Data were

recalculated for the preferential solvation of the fluorinated alcohols o-Helical
(3[TFE] or 7[HFiP]) and are shown as the white symbols (see the Monpmer
text). The results indicate that the transitions for the simple alcohols
are solely dependent on dielectric constant, and can also account
for the effect of TFE, if the effect of the local increased
concentration on the dielectric constant is taken into account.
However, for HFiP, additional factors are also involved.

>35% TFE

time

o-Helical

dielectric constant. Empirically, we determined that if the Oligomer
preferential binding of TFE results in a 3-fold greater

concentration of TFE in the immediate vicinity of the for dielectric constants of<40, that there would be an
a-synuclein molecules than in the bulk solvent, and that the additional transition to the helical conformation.

local dielectric constant is thus correspondingly lower, then  In the case of HFiP, the situation, as shown by Figure 8,
the corrected data overlap exactly those of the simple is more complex. In fact, even if corrections are made for
alcohols at all concentrations that were examined [Figure 8 preferential binding of HFiP [Figure &), assuming a 7-fold
(®)]. Thus, a combination of preferential binding and increase in the local HFiP concentration], only the first part
dielectric constant effects can account for the effects of TFE. of the curve for the simple alcohols is accounted for,
This calculation also suggests that for the simple alcohols, corresponding to the transition from the natively unfolded
if the combination of chain length and concentration allowed to the partially folded intermediate. Hence, the transition into
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the a-helical conformation is distinctive and cannot be
attributed just to the organic solvent-induced changes in the
dielectric constant. Consequently, fluorinated alcohols have
dual effects ona-synuclein and, depending on their con-
centration, may be used to model at least two different forms
of the protein, namely, that when the protein is located in
the field of the membrane (low alcohol concentrations) or
that when directly interacting with the membrane, i.e., the
interfacial region (high alcohol concentrations). The first form
is a partially folded intermediate, which shows a high
propensity to fibrillate or to form amorphous aggregates,
whereas the second form is highlyhelical and is unable

to form fibrils.

To explain enhanced fibrillation ofi-synuclein in the
presence of membrane&/( 57, 58), it has been hypothesized
thatin »ivo a-synuclein may have two structurally different

conformations:

membrane-bound, which is enriched in

a-helices, and cytosolic, which is disordered. Furthermore,
it has been suggested that the membrane-bousghuclein

may generate nuclei that seed the aggregation of the more

abundant cytosolic fornb@). Our data show that membrane-
bounda-helix-enrichedx-synuclein (a conformation which
was effectively modeled by the high concentrations of
fluorinated alcohols) most probably does not fibrillate and
cannot seed the fibrils. This is supported by the observation
that binding of a-synuclein to artificial membranes is
accompanied by a dramatic increasecdirhelical content,
with coincident inhibition of fibril formation 46). However,

our data with alcohols suggest that besides dhielical
membrane-bound fornm,-synuclein may have an additional
membrane-related isoform, which is induced by the mem-
brane field, and involves the partially folded intermediate
with a high propensity to fibrillate. We assume that,
depending on the affinity oft--synuclein for the particular
type of membrane, one of the two membrane-related forms
will be predominant, giving rise to two different aggregation
scenarios, a lack of fibrils in the case of the helical
conformation or aggregation in the case of the partially folded
intermediate. This model can account for the apparently
contradictory reports of both membrane acceleration and
inhibition of a-synuclein fibrillation.
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