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ABSTRACT: HumanR-synuclein is a 140-amino acid protein of unknown function abundantly expressed
in the brain and found in Lewy bodies, a characteristic feature of Parkinson’s disease.R-Synuclein is
random in water under physiological conditions, but the first∼100 residues interact with SDS micelles
or acidic phospholipid small unilamellar vesicles and adopt an ordered conformation. The rest of the
molecule remains disordered in the bulk of the solution. The conformation of the N-terminal portion of
the molecule in lipids was described as an extended helix [Ramakrishnan, M., Jensen, P. H., and Marsh,
D. (2003)Biochemistry 42, 12919-12926], as two distinctR-helices interrupted by a two-residue break
[Chandra, S., Chen, X., Rizo, J., Jahn, R., and Sudhof, T. C. (2003)J. Biol. Chem. 278, 15313-15318],
or as a noncanonical conformation, theR11/3 helix [Bussell, R., Jr., and Eliezer, D. (2003)J. Mol. Biol.
329, 763-778]. We characterized the topology of the different regions ofR-synuclein relative to the
surface of SDS micelles using spin probe-induced broadening of NMR signals,15N relaxation measurements,
and fluorescence spectroscopy. Our results support the presence of two N-terminal helices, positioned on
the surface of the micelle and separated by a flexible stretch. The region of residues 61-95 of the protein
also adopts a helical conformation, but it is partially embedded in the micelle. These results could shed
some light on the role of the membrane on the aggregation process ofR-synuclein.

Parkinson’s disease (PD),1 the second most common
neurodegenerative disorder affecting 1-2% of the population
over the age of 65 (1), is a chronic and progressive disease,
caused by relentless degeneration of specific neuronal
population in the brain, most notably the dopaminergic
melanin-containing neurons of the substantia nigra pars
compacta. Neuropathologically, it is characterized by the
presence of Lewy bodies and dystrophic neurites (Lewy
neurites), both comprised of cytoplasmic accumulations of
aggregated proteins (2), specifically,R-synuclein and ubiq-
uitin (3), which accompany the loss of dopaminergic neurons.

The diffused occurrence of Lewy bodies is also observed in
cortex tissues of patients affected by dementia with Lewy
bodies, a severe cognitive impairment of sporadic origin (4).

Human R-synuclein is a 140-amino acid protein of
unknown function that is abundantly expressed in the brain,
where it is concentrated in presynaptic nerve terminals (5,
6). The N-terminal region (approximately residues 1-95)
of theR-synuclein sequence contains an imperfect 11-residue
periodicity, with a highly conserved hexamer motif (KT-
KEGV), found in the A2 class of apolipoproteins and
described as being potentially able to fold into an amphip-
athicR-helix (7). The peptide corresponding to residues 61-
95, originally termed NAC (non-Aâ-amyloid component)
was observed in amyloid plaques associated with Alzheimer’s
disease (5), although no association ofR-synuclein as such
with the mature plaques was detected (8). From a structural
point of view, R-synuclein has a random conformation in
water under physiological conditions (9-11). On the other
hand, in the presence of sodium dodecyl sulfate (SDS)
micelles or acidic phospholipid small unilamellar vesicles
(SUV), the first ∼100 residues are able to associate with
these membrane-like assemblies while the rest of the
molecule remains in the bulk of the solution. The conforma-
tion of the N-terminal portion of the molecule in SDS was
described as an extended helix (9), as two distinctR-helices
interrupted by a two-residue break (11), or as a noncanonical
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conformation, theR11/3 helix (12). Two recent studies based
on EPR measurements in SUV support the extended helix
model (13, 14).

The mechanisms responsible for Lewy body formation are
not known. Three single-point mutations inR-synuclein,
A30P, A53T, and E46K (15-17), as well as a triplication
of the R-synuclein gene (18, 19) have been linked to rare
familial forms of Parkinson’s disease, but the vast majority
of Lewy body-related disease cases are sporadic and involve
wild-type R-synuclein. In Vitro, purified R-synuclein ag-
gregates into fibrils resembling those found in Lewy bodies,
following a nucleation pathway in which smaller oligomers
are formed (20). Fibril assembly seems to occur through the
repeats in the N-terminal half and to be accompanied by the
transition from a random-coil conformation to aâ-pleated
sheet (21). In the fibrils found in the Lewy bodies,R-sy-
nuclein is indeed in aâ-sheet structure.

Several pieces of evidence indicate that the NAC region
of the protein is the most likely site for induction ofâ-sheet
structure and consequent aggregation. This fragment is the
second major component of amyloid plaques in Alzheimer’s
brain (5), and it was shown to readily adopt aâ-sheet
conformation at the highest concentrations that can be
attained in a water solution (0.011 mM) (22). Another protein
of the synuclein family,â-synuclein, is highly homologous
to R-synuclein (6), but it does not form fibrils. The different
behavior is most easily explained by the absence, in
â-synuclein, of a stretch of hydrophobic residues in the
central NAC region corresponding to residues 73-83 of
R-synuclein (23, 24). Finally, analysis of the N-terminal
sequence of NAC revealed a degree of similarity to regions
crucial for the aggregation and toxicity of three other
amyloidogenic proteins, namely, Aâ, prion protein, and islet
amyloid polypeptide. Specifically, a four-residue motif, G-A-
X-X, where X represents an amino acid with an aliphatic
side chain, is common to all four peptides (25).

The effect of lipids on the aggregation propensity of
R-synuclein is more complex. Many articles appeared with
results that are often contradictory. Membrane-boundR-sy-
nuclein has been suggested to play an important role in fibril
formation (26), and the aggregation has been suggested to
occur on membrane surfaces (27). In addition, the protein
was demonstrated to be in a multimeric form when isolated
from the membrane fraction of either brain or neuronal cell
culture (28-30). However, some reports indicate that self-
interaction ofR-synuclein is suppressed by the presence of
membranes in vitro (31) and that theR-helical conformation
of the protein does not fibrillate (32, 33).

In this study, we examined the topology ofR-synuclein
in a membrane-mimetic environment. Specifically, we
characterized the position of the different regions of the
protein relative to the micelles formed by SDS. The results
of independent experimental approaches can be rationalized
with the presence of two N-terminalR-helices positioned
on the surface of the micelle and separated by a flexible
stretch. The NAC region of the protein also adopts a helical
conformation, but it is deeply embedded in the micelle.
Sufficient experimental evidence is provided to suggest a
topological model which describes the structuring effect of
SDS micelles onR-synuclein. On these premises, an attempt
is made to explain the role of the natural membrane on the
aggregation process ofR-synuclein.

EXPERIMENTAL PROCEDURES

Cloning and Expression ofR-Synuclein 1-140 (R-syn140)
and R-Synuclein 1-99 (R-syn99). Human R-synuclein
cDNA, both the wild type and a deletion mutant (1-99),
was subcloned into the pET-28b plasmid. Briefly, the coding
regions were amplified via PCR using pMal-R-syn140 as a
template, Taq DNA Polymerase (Promega), and synthetic
oligonucleotides (Sigma-Genosys) containing restriction sites
NdeI andXhoI. After digestion with restriction enzymes, the
PCR products were inserted into theNdeI-XhoI-linearized
pET-28b expression vector (Novagen), which contains a
polyhistidine region followed by a thrombine cleavage site,
and introduced intoEscherichia coli strain BL21(DE3).
Overexpression of proteins was achieved by growing cells
in M9 minimal medium (supplemented with 1 g/L [15N]-
ammonium chloride for15N-labeled proteins) at 37°C to an
OD600 of ∼0.6 followed by induction with 0.5 mM isopropyl
â-thiogalactopyranoside for 5 h. The proteins were purified
on a Co-agarose TALON resin (Clontech), using the
manufacturer’s recommended protocol and stored in 20 mM
phosphate buffer (pH 7.4). The purified proteins were
digested with thrombin protease (Amersham Pharmacia)
using the manufacturer’s protocol. The final proteins con-
tained an extra Gly-Ser-His sequence at the N-terminus.

Preparation of Small Unilamellar Vesicles.Approximately
8 mg of a mixture of 50% dimyristoylphosphatidylcholine
and 50% dimyristoylphosphatidylglycerol were used for the
preparation of SUV. The lipids were dissolved in 1 mL of a
4:1 chloroform/methanol mixture, and the solutions were
evaporated under vacuum at 4°C in a glass test tube. The
dry lipid film was suspended in 100 mM sodium phosphate
buffer (pH 7.4) to give a final concentration of 45 mM and
mixed for 1 h above the melting temperature. The product
of hydration was filtered through a large pore size (0.45µm)
filter and, subsequently, extruded through a 50 nm pore filter.

CD Experiments.CD measurements were carried out on
a JASCO J-715 spectropolarimeter interfaced with a personal
computer. The CD spectra were acquired and processed using
the J-700 program for Windows. All experiments were
carried out at room temperature using HELLMA quartz cells
with Suprasil windows and an optical path length of 0.01
cm. All spectra were recorded in the wavelength range of
190-260 nm, using a bandwidth of 2 nm and a time constant
of 2 s at ascan speed of 50 nm/min. The signal:noise ratio
was improved by accumulating at least four scans. Spectra
were acquired on 100µM solutions ofR-syn140 andR-syn99
in the presence of 50 mM phosphate buffer (pH 7.4) and
with the addition of increasing amounts of dodecylphospho-
choline (DPC) or SDS micelles, or SUV. All spectra are
reported in terms of mean residue molar ellipticity [Θ]R

(degrees times square centimeters per decimole).

NMR Assignment.All NMR experiments were performed
on a Bruker Avance DMX600 spectrometer equipped with
a gradient triple-resonance probe. The spectra were processed
using GIFA (34) and analyzed using XEASY (35) on a
Silicon Graphics workstation. NMR samples used for the
assignment ofR-syn99 contained∼2 mM protein in a H2O/
D2O mixture (90:10, v/v), 20 mM phosphate buffer (pH 7.4),
and 250 mM SDS-d25. The experiments were performed at
25 °C.
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Assignment of backbone NH groups andR-protons was
initially based on that obtained by Chandra and co-workers
(11) (BMRB accession number 5744) and then confirmed
by means of three-dimensional (3D) TOCSY-HSQC experi-
ments using a DIPSI2 isotropic mixing pulse sequence (36)
and 3D NOESY-HSQC experiments with mixing times of
70 and 100 ms, respectively. The 3D experiments were
acquired with 64 complex data points in the15N dimension,
200 or 150 in the1H indirect dimension and 1024 or 512 in
the1H direct dimension. Spectral widths were 6009 or 2404
(1H direct), 1338 (15N), and 6000 Hz (1H indirect). The
frequency offsets were 2323.7 or 4800 (1H direct), 7230
(15N), and 2323.7 Hz (1H indirect). A 90°-shifted sine
function was used in the direct dimension, and a 90°-shifted
sine2 function was used in both indirect dimensions.

Paramagnetic Relaxation Experiments.The fHSQC se-
quence (37) was used for all NMR experiments and recorded
at 25°C in 20 mM phosphate buffer (pH 7.4) and 50 mM
SDS-d25. The protein concentration was 0.5 mM for both
R-syn140 andR-syn99. Four series of paramagnetic relax-
ation experiments were acquired to investigate the topological
orientation ofR-synuclein in the presence of SDS micelles.
5-Doxylstearic acid (5-DSA) and 16-doxylstearic acid (16-
DSA) (Aldrich) were dissolved in methanol-d4 (CIL) to a
concentration of 75 mM. Aliquots of these solutions were
added to the NMR tube containingR-syn140 orR-syn99 and
the SDS micelles for a final concentration of 0.5 mM of
either spin probe (protein:spin probe ratio of 1). All recording
parameters were kept rigorously constant, the only modifica-
tion concerning the probe tuning and the field shimming.
The experiments (512 increments of 512 time points each)
were acquired with 32 transients each. The spectral widths
were 2404 (1H) and 1582 Hz (15N) and the frequency offsets
4800 (1H) and 7175 Hz (15N). The spectra were identically
processed to obtain 512× 512 real points matrices. Prior to
Fourier transformation, a 90°-shifted sine2 function was used
in both dimensions. Baseplane correction was applied before
peak integration.

The NH amide peak intensities were measured before and
after the addition of the paramagnetic probes and compared.
The results are reported in terms of remaining amplitude
(RA) defined by the equation RA) A(probe)/A(0), where
A(probe) is the amplitude of the peak measured after the
addition of the paramagnetic agent andA(0) is the amplitude
in the absence of the paramagnetic agent. Uncertainties in
peak intensity were determined by evaluating the noise level
in a peak-free region of the spectra.

Relaxation Experiments.For the relaxation measurements,
the same sample used for the assignment was utilized. The
sensitivity-enhanced pulse schemes were used to measure
relaxation ratesR1 and R2 and the{1H}-15N NOEs (38).
Each two-dimensional (2D) data set consisted of 512 real
data points with a1H spectral width of 2404 Hz and 256
increments with a15N spectral width of 1582 Hz. Thirty-
two scans were acquired for each increment; quadrature
detection was achieved by using echo/antiecho-TPPI with
gradient selection; the GARP broadband decoupling (39)
scheme was applied to the15N spins during detection. The
R1 values were determined from 15 experiments using the
following 10 relaxation delay times: 20 (twice), 70, 120,
200 (twice), 300, 500 (twice), 700, 950 (twice), 1200, and
1500 ms (twice). To determineR2 relaxation rates, 15 spectra

were recorded at 10 relaxation delay times: 8.8 (twice), 17.7
(twice), 26.5, 35.4 (twice), 44.2, 61.9, 79.6 (twice), 97.3,
123.9 (twice), and 159.3 ms. Duplicate spectra were collected
at several delay times to estimate the uncertainties in
measured peak intensities. The heteronuclear{1H}-15N
NOEs were obtained by recording pairs of spectra in the
presence and absence of1H saturation. Three pairs of
experiments were carried out in an effort to evaluate the
uncertainties in measuring the NOEs. For theR1 and R2

experiments, the recycle delay time was set to 2.2 s, while
for {1H}-15N NOE measurements, the1H recovery period
was set to 3.5 s. The time domain data were zero-filled to
1024 and 512 real data points in theF2 andF1 dimensions,
respectively, in the spectra recorded for the determination
of R1 and to 2048 and 512 real data points, respectively, in
the spectra recorded for the determination ofR2. In both
cases, the spectra were apodized using a 90°-shifted sine2

filtering function in both dimensions. Each spectrum was
subjected to baseplane correction prior to integration. The
relaxation rates were calculated using a least-squares fitting
of peak heights versus relaxation delay by means of the
Levenburg-Marquardt algorithm (40). The data were fitted
using a three-parameter exponential model for the determi-
nation ofR1 and a two-parameter exponential model forR2.
Uncertainties in the fitted rates were estimated as described
by Kordel et al. (41). Steady-state NOE values were
calculated as the ratio of peak heights in the pair of spectra
(with or without proton saturation). The variance of the
pairwise ratios was used to estimate the experimental
uncertainty.

The reduced spectral density mapping method (42) was
applied to analyze the relaxation data. This approach makes
no assumptions about the shape of the molecule or the nature
of its motions.

Fluorescence Experiments.Fluorescence emission spectra
were recorded on a Perkin-Elmer LS 50 spectrofluorimeter
equipped with a thermostated cell compartment. The two
synuclein samples of the 1-99 deletion mutant were obtained
by dilution in 20 mM sodium phosphate buffer at pH 7.4 to
obtain a final protein concentration of 100µM, with or
without 10 mM SDS. Protein solutions had an absorbance
at the excitation wavelength (294 nm) of<0.05 to minimize
the inner-filter or self-absorption effects. Spectra were
recorded in the “ratio” mode to reduce the variations due to
the fluctuation of the light source.

RESULTS

Effects of Phospholipid Vesicles and Detergents onR-Sy-
nuclein Secondary Structure.R-Synuclein has been reported
to bind to acidic synthetic membranes such as PC/PS, PE/
PS, PE/PA, and PE/PI membranes (7, 43, 44). Here, far-UV
circular dichroism spectroscopy was used to determine the
effects of small acidic unilamellar vesicles containing 50%
phosphatidylcholine and 50% phosphatidylglycerol. As
previously reported (9), our data indicate that lipid-free
R-synuclein is unstructured in water under physiological
conditions. The protein interacts with acidic SUV, undergo-
ing a conformational transition to anR-helical state in a dose-
dependent manner (Figure 1A). With increasing amounts of
SUV, a progressive increase in the extent ofR-synuclein
folding was observed. The saturation value can be roughly
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extrapolated to a molar lipid:protein ratio of∼80 (inset of
Figure 1A). This value is in agreement with that estimated
by Ramakrishnan et al. (13) (ratio of ∼100) using 100%
DMPG vesicles, and it is smaller than the value found by
Chandra et al. (11) (ratio of ∼270-300), using 70:30 PC/
PS SUV, indicating an effect of the composition and of the
charge of the lipids on theR-helical propensity ofR-sy-
nuclein. The presence of a well-defined isodichroic point
indicates that the equilibrium is between only two confor-
mational states, i.e., a random coil and anR-helical structure.

CD spectroscopy was also utilized to compare the struc-
turing effects of SUV with those induced by SDS and DPC,
which are able to form acidic and zwitterionic micelles,
respectively, and are widely used as membrane-mimetic
environments (45-49). Both SDS and DPC micelles interact
with R-synuclein, but only the acidic ones induce a degree
of R-helix quantitatively comparable to that of SUV (Figure
1B). Also, the HSQC spectrum ofR-syn140 in DPC is much
less disperse than in SDS and is indicative of a less ordered
structure (data not shown). The CD properties ofR-syn99
in the same systems were very similar to those of the wild-
type protein (data not shown). On these bases, we decided
to use SDS micelles as the membrane-mimetic environment
for the NMR analysis. This system is more amenable than
SUV to NMR studies and has been already utilized in two

structural studies onR-synuclein (11, 12) after Chandra et
al. verified that the modes of binding to the protein and the
folding in negatively charged SUV or SDS micelles were
comparable (11).

Positioning Studies ofR-Synuclein in Micelles.The
topology ofR-synuclein in a membrane-mimetic environment
was investigated by NMR, using as structural probes the
effects of two different spin-labeled stearates on the amide
resonances in the assigned1H-15N HSQC spectra. Specif-
ically, 5-DSA and 16-DSA were used to induce selective
broadening of resonances from residues located at different
depths in the micelle. The position of the spin probes inside
the micelle has been previously determined from13C NMR
experiments (50). The nitroxide group of 5-DSA is localized
close to the sulfate group of the micelle, while 16-DSA is
found in a region at the center of the micelle that is not very
well defined. To interpret the results from NMR experiments
in a quantitative manner, the percent reduction of the intensity
of each amide peak with spin probes relative to the peak
without relaxing agents was measured. This method has been
widely employed (51-53) and provides quick and reliable
answers. The principal advantage of using the reduction of
signal intensities instead of the line broadening is the much
higher sensitivity.

The results obtained forR-syn140 are shown in panels A
and B of Figure 2. In the presence of either 5-DSA or 16-
DSA, remarkable reductions in the intensity of peaks were
observed for residues in the 1-99 N-terminal region, whereas
the peak intensities for the 40 C-terminal residues were
affected only to a minimal extent by the addition of spin
probes. These results clearly confirm previous results that
the C-terminal portion of the protein, approximately the last
40 residues, is exposed to the solvent whereas the 1-99
N-terminal region interacts with the SDS micelles (9, 11,
12). However, because of the severe overlap of many peaks
(only 56 residues were visible in the 1-99 region of the
entire protein), a detailed, residue-by-residue analysis was
not possible. To better characterize the NAC region of the
protein, the same analysis was repeated on the 1-99 deletion
mutant ofR-synuclein. The HSQC spectrum obtained in this
case was much simpler to analyze (see the Supporting
Information), with reduced peak overlap (14 residues). The
assignment was verified using three-dimensional1H-15N
TOCSY-HSQC and NOESY-HSQC experiments. As ex-
pected, significant differences from the assignment published
by Chandra and co-workers for the entireR-synuclein (11)
were not found except at the two termini of the sequence
where the chemical environment differs from that of the wild-
type protein.

The effects of paramagnetic agents onR-syn99 are
depicted in panels C and D of Figure 2. In the presence of
5-DSA, the reduction in peak intensities is slightly more
pronounced in the NAC region, suggesting that this portion
of the protein penetrates more deeply into the micelle. The
effects observed in the presence of 16-DSA are less
pronounced for the 20 N-terminal residues. A certain
periodicity is evident in the first part of the sequence,
especially for the effect of 5-DSA. A Fourier analysis of
the data was performed (see the Discussion). Interestingly,
it appears that the reduction in peak intensities varies in a
linear manner from residue 61 to 99, and it is more marked
in the 81-99 region. Another aspect that stems from this

FIGURE 1: Phospholipid-induced folding ofR-synuclein. (A) Far-
UV CD spectra ofR-synuclein (100µM) as a function of the
following 1:1 PC/PG SUV concentrations: 0, 1, 5, 15, and 30 mM.
The inset represents the molar ellipticity ofR-synuclein at 222 nm
as a function of the lipid:protein molar ratio. (B) Far-UV CD spectra
of R-synuclein in the presence of 20 mM phosphate buffer (pH
7.4) (‚‚‚) and with the addition of 10 mM DPC (- - -), 10 mM SDS
(-‚-), or 15 mM SUV (s). The concentrations of SDS or DPC are
above their respective critical micellar concentrations, and the
spectra remain identical with increasing amounts of detergent (data
not shown).
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analysis is that the region around residue 40, previously
shown to form a helical break (11), seems to penetrate into
the micelle.

To define the localization of the Y39 residue with respect
to the micelle, the fluorescence emission of this unique
tyrosine (in the 1-99 deletion mutant) was quantified in the
presence and absence of SDS. As previously observed in
transmembrane synthetic peptides (54), the line shape of the
emission spectra of tyrosine is not affected by the surround-
ing environment, but its intensity is. The addition of SDS to
theR-syn99 sample produced a 20% increase in the intensity
of the emission spectra as expected when the tyrosine shifts
from a hydrophilic to a hydrophobic environment (data not
shown).

Relaxation Parameter Analysis.To investigate the back-
bone dynamics ofR-syn99 in SDS micelles, we measured
its 15N relaxation ratesR1 andR2, as well as the{1H}-15N
NOE at a field strength of 14.1 T. These parameters are
useful probes in analyzing the dynamics of proteins in various
time scale ranges. All of them are influenced by motion on
the pico- to nanosecond time scale, whileT2 can also reflect
the contribution of motion on the micro- to millisecond time
scale. Despite the relatively poor dispersion of the amide
proton signals in the1H-15N HSQC experiments used to
measure the relaxation parameters, 85 of 99 residues could
be used to characterize the backbone dynamics ofR-syn99.
Analysis of the 14 remaining amide groups was precluded
due to signal overlap and a lack of assignment. The data for
the identified residues are reported in Figure 3.

From the averageR2/R1 ratio, the overall correlation time
was estimated (55). Using only the 49 residues ofR-syn99
satisfying the conditions described by Barbato et al. (56), a
τC value of 11.4( 0.4 ns was found. This value corresponds
to the correlation time expected for a globular protein of
20-25 kDa and is in good agreement with the value found
by other authors for a small helical protein in SDS micelles
(57). Considering that the molecular mass ofR-syn99 is 10.2
kDa, it is possible to calculate that∼40-50 molecules of

SDS are associated with the protein. A similar conclusion
can be reached from theoretical considerations (58). The
volume of the hydrophobic core of a micelle containing 40-

FIGURE 2: NMR studies of paramagnetic relaxation induced by nitroxide radicals onR-synuclein. (A and B) Remaining amplitude of the
amide peaks ofR-syn140 (500µM) in the presence of 50 mM SDS after the addition of 500µM 5-DSA (A) or 500µM 16-DSA (B). (C
and D) Remaining amplitude of the amide peaks ofR-syn99 (500µM) in the presence of 50 mM SDS after the addition of 500µM 5-DSA
(C) or 500µM 16-DSA (D).

FIGURE 3: Plots of (A) R1, (B) R2, and (C) {1H}-15N NOE
relaxation data as a function of residue number. Data were acquired
at 600 MHz on a sample ofR-syn99 in the presence of SDS.
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50 SDS molecules is∼13-16× 103 Å3. The volume of the
entire micelle can be calculated to be 23-32 × 103 Å3,
considering a hydrodynamic radius of an ideally spherical
micelle 3-4 Å longer than that of the hydrophobic core.
Since the average density of a protein is 1.33 g/cm3 (59),
the volume occupied byR-syn99 is∼13× 103 Å3. The total
volume of the micelle-protein assembly is therefore 36-
45 × 103 Å3. Using these values in the Stokes-Einstein
equation together with our estimation ofτC, one derives a
viscosity for the solution of 1.0-1.4 cP, which is expected
for a 250 mM solution of SDS (60, 61).

In the slow motion regime, higher flexibility is revealed
as increasedR1 and decreasedR2 relaxation rates as well as
decreased heteronuclear{1H}-15N NOE. From a global
analysis of the three panels of Figure 3, it is possible to
recognize four regions that clearly exhibit different relaxation
behavior. These differences are particularly pronounced for
the R2 values and less evident in the case ofR1. The first
region is the N-terminus, up to approximately residue 22.
Here, theR1 values are relatively low (average of∼1.22 s-1)
while the R2 and the NOE average values (∼21.7 s-1 and
∼0.71, respectively) are significantly higher than those of
the rest of the sequence. In the second region, between
residues 24 and 44, the average value ofR1 increases to 1.46
s-1 while the values of bothR2 and NOE decrease (average
values of 17.2 s-1 and 0.60, respectively). This indicates that
this region is more flexible than the previous one. The third
region comprises approximately residues 45-80. Here, the
relaxation parameters are very similar to the ones measured
for the N-terminal part of the protein. The last region includes
the 19 C-terminal residues (81-99) and presents a rather
different behavior compared with the rest of the protein. The
gradual decrease inR2 and NOE is clearly visible, whileR1

increases steadily. These features are consistent with a greater
mobility of this portion of the backbone.

Reduced Spectral Density Mapping Approach.The relative
amount of NH bond vector fluctuations at different frequen-
cies was quantified using the reduced spectral density
approach. This method allows one to obtain information
about the motions of the polypeptide chain without making
any assumption about the shape of the protein or about the
time scale of the internal and global tumbling. The values
of the spectral density function for each15N-1H vector at
three different frequencies were obtained in the approxima-
tion that this function does not vary in the interval fromωH

+ ωN to ωH - ωN (42). Figure 4 illustrates the reduced
spectral density functionsJ(0), J(ωN), andJ(ωH+ωN) derived
from relaxation parametersR1 and R2 and the{1H}-15N
NOE. These values reflect the contributions of the motion
on the N-H vector on the different time scales: while the
spectral density function at zero frequency,J(0), is sensitive
to motions on all time scales, the values of the spectral
density functions at high frequencies,J(ωN) andJ(ωH+ωN),
are sensitive to fast internal motions on the 1/ωN and 1/ωH

time scales.

Because the spectral density function is the Fourier
transform of the reorientation correlation function, flexible
residues with rapidly decaying correlations correspond to
spectral density functionsJ(ω) decaying slowly toward
higher values ofω. Therefore,J(ωH+ωN) increases with an
increase in flexibility, whereasJ(0) decreases.

The behavior of the spectral density function parallels that
of the raw experimental data. TheJ(0) values are influenced
mainly by theR2 values, and this is reflected in the similarity
of the two graphs. Conversely,J(ωN) andJ(ωH+ωN) values
are influenced by onlyR1 and the NOE. Figure 4 underlines
the clear appearance of four segments in the protein with
different dynamical behavior. These zones correspond to the
four identified in the analysis of the relaxation parameters.
The first region (residues 1-22) and the third one (residues
44-80) are characterized by highJ(0) values and lowJ(ωN)
andJ(ωH+ωN) values. This behavior is typical of zones with
restricted flexibility on fast time scales. The reduced flex-
ibility of these regions ofR-syn99 may be the consequence
of a strong interaction between these amphipathic helical
portions and the SDS micelles. On the other hand, residues
23-43, as well as the C-terminal part of the molecule, have
relatively higher values ofJ(ωN) andJ(ωH+ωN) and smaller
values ofJ(0), in line with a larger flexibility for these
segments. The 20 C-terminal residues show a gradual
decrease inJ(0) values toward the end of the chain. This
effect is accompanied by the corresponding increase in the
J(ωH+ωN) values. This could indicate that the C-terminus
is not anchored to the micellar surface as most of the residues
are in the N-terminal part, but it is free to fluctuate.

It is worth noticing at this point that around residues 65
and 84 there are two short segments that are significantly

FIGURE 4: Reduced spectral density functions (A)J(0), (B) J(ωN),
and (C)J(ωH+ωN) as a function of residue number. Values were
calculated from data depicted in Figure 3.
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more mobile than the surrounding regions (see the Discus-
sion).

Chemical Shift Analysis.We analyzed theR-proton chemi-
cal shifts of R-syn99 to verify if the helical structure is
present in the shorter construct (62-64). The results are
shown in Figure 5A. Most of the protein shows a negative
shift typical of a helical conformation, but three breaks are
evident. The first one is approximately between residues 36
and 45, in a region of higher flexibility and comprising

residues very strongly affected by 16-DSA. Two other shorter
helical breaks are quite clear around residues 66 and 86,
where an increased flexibility was estimated from the analysis
of the reduced spectral densities.

It has been shown that the secondary shifts of the amide
protons belonging to amphipathic helices have a periodicity
of three to four residues (65-67). The Fourier transform of
the amide proton secondary shifts ofR-syn99 yields a peak
at a frequency of 0.27, i.e., the expected value for the
periodicity of theR-helix (Figure 5B). Different regions of
the protein provide different contributions to the periodicity
(Figure 5C). Specifically, insignificant contributions arise
from residues 36-45, in agreement with the disruption of
the R-helical structure, and from residues 85-99.

DISCUSSION

The recent demonstration thatR-synuclein is the major
component of the intracellular aggregates known as Lewy
bodies, a central feature of Parkinson’s disease, has spurred
enormous interest in the study of this protein. The mecha-
nisms that cause the change in conformation ofR-synuclein
and its assembly into fibrils are yet to be clarified; however,
several lines of evidence indicate a critical role of the NAC
region of the protein (24).

A key feature in the sequence ofR-synuclein is the
presence of seven imperfect 11-amino acid repeats in the
first 93 residues with a highly conserved hexamer motif
(KTKEGV), which are also features typical of the amphip-
athic R-helices of the apolipoproteins. In a previous work
(7), the entireR-synuclein sequence was subjected to helical
wheel analysis (68). By using the rules of Segrest et al. (69)
that define several amphipathicR-helix-terminating amino
acids, the authors identified five potential amphipathic
R-helices which encompass all of the 11-mer repeats and
some adjacent amino acid residues. The first four helices
(residues 1-61) share the defining properties of class A2
lipid-binding helices, distinguished by clustered basic resi-
dues at the polar-apolar interface and positioned(100° from
the center of the apolar face. The predominance of basic
residues over acidic ones and their position within the helix
explain whyR-synuclein interacts more strongly with acidic
phospholipid vesicles. Different from the other ones, helix
5, comprising residues 62-95, is much more hydrophobic,
with the presence of only one lysine in position 80 and one
glutamic acid in position 83 as charged residues. These amino
acids are located on the same face of the helix so that they
can form a salt bridge leading to a neutral net charge.

All the topological models proposed so far suggest that
R-synuclein binds only to lipid surfaces and does not insert
into the interior of membranes. After the earliest model (7),
the conformation ofR-synuclein in membrane-mimetic
environments such as acidic SUVs and SDS micelles was
analyzed by NMR spectroscopy (11). On the basis of NOE
restraints obtained for SDS-boundR-synuclein, N-terminal
residues 1-98 were shown to possess anR-helical structure
formed by two distinctR-helices interrupted by a two-residue
break at positions 43 and 44, whereas the 42 C-terminal
residues retain a random coil configuration. The presence
of the break between the two helices was suggested to allow
a more favorable binding of hydrophobic surfaces of the
protein to the hydrophobic interior of the membrane-mimetic

FIGURE 5: Analysis of secondary shifts of backbone amide and
R-protons. (A) Plot of the HR chemical shift deviations from a
random coil conformation observed forR-syn99 in SDS as a
function of residue number. Each data point was averaged with its
nearest neighbors to eliminate local effects (62). Random coil
chemical shifts were taken from ref83. (B) Fourier transform of
the amide proton chemical shift deviations from a random coil
conformation observed forR-syn99 in SDS (84) as a function of
residue number. The data were zero-filled to 3000 data points before
Fourier transformation to enhance resolution. (C) Frequency analysis
of amide proton chemical shift deviations (s) and of the remaining
amplitudes after the addition of 5-DSA (- - -). The Fourier transform
was performed in various regions of the protein (residues 1-35,
1-45, 1-65, 1-85, and 1-99). The intensity of the peak at a
frequency of 0.27 depends on the number of residues and on the
contribution to the periodicity introduced by each of these residues.
The contribution of different regions of the protein to the periodicity
is reported. The contribution of residues 1-35 was evaluated by
measuring the peak intensity, while for the other regions, the
contributions were estimated from the differences in the intensity
of the various regions:I1-45 - I1-35 ) I36-45; I1-65 - I1-45 ) I46-65;
I1-85 - I1-65 ) I66-85; andI1-99 - I1-85 ) I86-99. The values were
normalized by the number of residues in the region that was being
considered.
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milieu. Supposedly, both helices lie on the micellar surface.
Another model, also based on NMR data, suggests the
possibility that the 11-mer repeats ofR-synuclein may lead
to a noncanonical conformation, theR11/3 helix (70), for
optimal hydrophobic interactions with the apolar lipid
environment (12). Finally, two analyses of the lipid-protein
interactions based on EPR methods indicate the presence of
an extended helix encompassing the whole N-terminal region
(13, 14).

Our paramagnetic relaxation data clearly indicate that the
N-terminal helix is not continuous. The Fourier analysis
presented in Figure 5C shows a net discontinuity in the
periodicity of the effect of 5-DSA around residue 40. Also,
the chemical shift analysis supports the presence of a helical
break in this position. Independently,15N relaxation mea-
surements indicate two regions with reduced flexibility:
residues 1-22 and residues 44-80. Conversely, residues
23-43 present a higher flexibility. This result can be
explained by a strong interaction between the amphipathic
helical portions and the SDS micelles. The particularly high
value of R2 observed for the residues in the amphipathic
helices could be attributed to an additional motion, on a slow
time scale (milliseconds to microseconds), between the
flanking helical segments anchored on the micellar surface.
In the calculation ofτC, 17 residues were excluded on the
basis of the slow motion criterion (56). Seven of these
residues are comprised in the first helix and 10 in the second
one. This motion is compatible with the fluctuations in size
and shape of the micelles viewed as a fluid assembly.

The main break region (residues 36-45) contains a
tyrosine at position 39. Recently, the importance of this
tyrosine, along with Y125, for protein aggregation and
cellular toxicity was underlined (71). The NMR-based
models in the literature imply that Y39 is on the hydrophilic
side of the helix (11, 12) or possibly at the membrane-water
interface (12). Also, Jao et al. (14) place Y39 on the
hydrophilic face of their helix model, and suggest that the
reduced dimensions and the higher curvature of the micelles
relative to the phospholipid bilayers could introduce strain
in the structure and produce a nonphysiological break in an
otherwise elongated helix. Unfortunately, residue 39 was not
mutated to Cys, and no specific data on this residue were
collected (14). Also, the presence of immobilized components
in the EPR spectra of proteins mutated at residues 35 and
41 is conspicuous, and its interpretation is not straightforward
(14). The strong effect of both 5-DSA and 16-DSA on its
amide resonance, supported by fluorescence measurements,
strongly suggests that Y39 is inserted into the micelle. The
in ViVo implications of this possible arrangement are not easy
to extrapolate, but it is possible that the membrane exerts a
protective role towardR-synuclein aggregation by sequester-
ing Y39 from the solvent. Unquestionably, this model
explains why residue Y39 is not phosphorylated by p72syk

tyrosine kinase, whereas all the other tyrosyl residues, located
in the C-terminal segment of the protein (Y125, Y133, and
Y136), are (72).

No structural model anticipates the NAC region of the
protein to form a transmembrane helix, despite its high
hydrophobicity. However, predictions using the algorithm
of von Heijne (73, 74) or that of Hofmann and Stoffel (75)
find a possible transmembrane segment between residues 62
and 82 or residues 63 and 95, respectively (data not shown).

The higher mobility of the NAC region relative to that of
the N-terminal portion and its higher sensitivity to micelle-
bound spin probes lead to the conclusion that these residues
are free to move in the interior of the micelle. It is surprising
that the four C-terminal residues (Lys-Lys-Asp-Gln-OH) are
among the most affected by 16-DSA, since they are charged.
It is possible that these charges are neutralized through
formation of internal salt bridges. An alternative explanation
can be derived from the observation that the spin probes
affect the proteinbackbonewhich can be a few angstroms
from the charged side chain. As a consequence, it is possible
that the charges are on the surface while the backbone is
inside the micelle, in what is commonly termed “snorkeling”
(76).

The apparent progressive immersion of residues 85-99
in the micelle is quite interesting. The frequency analysis
performed both on the amide proton secondary shifts and
on the effect of 5-DSA onR-syn99 supports the idea that
this region does not form an amphipathic helix on the
micellar surface since it does not contribute to the observed
periodicity. It is enticing to extrapolate from these results
and speculate that the NAC region could indeed be trans-
membranein ViVo and anchor the two extremities of the
protein on opposite sites of the bilayer. It is clear that such
conjecture needs to be backed up by experimental results. It
is unfortunate that the thorough EPR analysis recently
published did not probe the entire NAC region, but stopped
at A90 (14). In that study, a consecutive scan of residues
59-90 led to the conclusion that a surface helix is present
in this region. The center of the helix was estimated to be
located at an immersion depth of 1-4 Å. This range is not
in contrast with our data for two reasons: we observe clear
embedding into the micelle for only residues beyond A90,
and the periodicity detected by EPR is less pronounced
between residues 80 and 90.

All the structural studies conducted on wild-typeR-sy-
nuclein are in agreement with the idea that the central region
of the protein, between residues 61 and 99, adopts a helical
conformation. However, the lack of the last 40 C-terminal
residues of the protein could disrupt this tendency, leading
to a more disordered conformation of this region inR-syn99.
We analyzed theR-proton chemical shifts ofR-syn99 and
verified that the helical structure is indeed present in the
shorter construct. Similar conclusions were drawn by Bussell
and Eliezer (44) on the basis of theR-carbon chemical shifts
of their shorter constructs. With this method also, the
presence of the same helical breaks detected by other
techniques was identified. Bussell and Eliezer found that also
the secondary CR chemical shifts of the entire protein display
discontinuity at several positions (12). Residues 43 and 44
were clearly identified as a helical break, while a diminished
value at residues 65-68 and 83-86 was detected, although
not as clearly as for theR-proton chemical shifts. While the
N-terminal hinge might be useful in guaranteeing a better
positioning of the amphipathic helical segments on the
surface of the micelle, the latter two might introduce flexible
points that allow the hydrophobic C-terminal helix to turn
into the micelle. The C-terminal flexibility segment could
also arise from local disruption of the helix brought about
by the presence of the only charged residues in the NAC
region, i.e., K80 and E83.
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Critical comparison of these data and the literature
structural data onR-synuclein underlines the question of the
validity of SDS micelles as a membrane-mimetic environ-
ment for small proteins. As discussed above, the extreme
curvature of the micelle could impose the helical break
around position 40. The size ofR-synuclein is comparable
to that of a normal micelle, and an elongatedR-helix would
almost wrap completely around the micelle. The picture of
R-synuclein interacting with a ball-shaped object is simplistic;
the SDS could surround the protein in an asymmetric manner.
It has been shown that a protein can alter the size and shape
of the micelle (48, 49). We also find that the presence of
R-syn99 reduces the number of SDS molecules in the
assembly to∼50. Despite their drawbacks, micelles remain
a reasonable choice for NMR structural and dynamic studies
of biological macromolecules. Vesicles are more similar to
the physiological environment, but their reorientation rates
are too low for high-resolution NMR. With proper care, the
information derived from studies in micelles can provide
useful insights.

In this case, we chose SDS micelles which have been
largely used in previous NMR studies ofR-synuclein (9, 11,
12, 44). As indicated above, the preference ofR-synuclein
for acidic micelles or vesicles may stem from a larger content
of basic residues than acidic ones in the N-terminus. The
effect of the surface charge has been recognized as a crucial
determinant ofR-synuclein-lipid interactions. On the basis
of this observation, these authors propose a physiological
role for R-synuclein in the context of synaptic vesicle
biogenesis (44).

Our findings may shed some light onR-synuclein mis-
folding in relation to the purported pathogenic role of this
protein in Parkinson’s disease. Fibrillation has been proposed
to occur via a nucleation-dependent mechanism (77) with
the primary stage being the formation of a partially folded
intermediate (20). These protofibrils, rather than fibrils
themselves, may induce cell death (78, 79). Accordingly,
several studies indicate thatR-synuclein protofibrils can
modify the permeability of vesicles by formation of pores
similar to those generated by pore-forming bacterial toxins
(79-81). The altered membrane permeability could cause
unregulated calcium flux and leakage of dopamine into the
cytoplasm that leads to cell death (79). The NAC region of
R-synuclein seems to be responsible for the ability of the
protein to fibrillate (24). Our results indicate that this region
is partially inserted in the micelle. A transmembrane disposi-
tion of the NAC region would exert a protective role against
nucleation of aggregates and could explain why membrane-
bound,R-helix-enrichedR-synuclein does not fibrillate and
cannot seed the fibrils (31-33), although lines of evidence
to the opposite were also found (26, 27).

Two different missense mutations inR-synuclein gene,
resulting in the A53T and A30P substitutions, have been
identified in a small number of kindreds with autosomal
dominantly inherited, early onset PD (15, 16). It has been
demonstrated that these mutations accelerate the formation
of protofibrils (77) and that the protofibrillar fraction
comprising A53T and A30P had a greater specific pore
forming activity (expressed as activity per mole ofR-sy-
nuclein) than the wild type (82). Moreover, the observed
decreased lipid affinity of A30PR-synuclein has been
suggested to be responsible for the enhanced aggregation of

this mutant (44). This hypothesis also can be explained by
our model. As a consequence, the membrane-boundR-helical
conformation ofR-synuclein would be a nonpathological
form of the protein, and this situation could be related to its
physiological role.
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