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Abstract

Human a-synuclein is a small soluble protein abundantly expressed in neurons. It represents the
principal constituent of Lewy bodies, the main neuropathological characteristic of Parkinson’s disease.
The fragment corresponding to the region 61–95 of the protein, originally termed NAC (non-amyloid-b
component), has been found in amyloid plaques associated with Alzheimer’s disease, and several reports
suggest that this region represents the critical determinant of the fibrillation process of a-synuclein. To
better understand the aggregation process of a-synuclein and the role exerted by the biological
membranes, we studied the structure and the topology of the NAC region in the presence of SDS
micelles, as membrane-mimetic environment. To overcome the low solubility of this fragment, we
analyzed a recombinant polypeptide corresponding to the sequence 57–102 of a-synuclein, which
includes some charged amino acids flanking the NAC region. Three distinct helices are present,
separated by two flexible stretches. The first two helices are located closer to the micelle surface,
whereas the last one seems to penetrate more deeply into the micelle. On the basis of the structural and
topological results presented, a possible pathway for the aggregation process is suggested. The structural
information described in this work may help to identify the appropriate target to reduce the formation of
pathological a-synuclein aggregation.
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Alzheimer’s disease (AD) and Parkinson’s disease (PD)

are the most common neurodegenerative disorders. An

effective cure for these pathologies has not been found,

and the existing drugs and therapies offer only marginal

and transient symptomatic benefits. However, progress in

characterizing insoluble protein aggregates associated

with these neurodegenerative diseases has led to new

insights that may be relevant to understand the molecular

mechanisms of the disorders. A paradigmatic example is

the discovery of the protein a-synuclein as the principal
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constituent of the Lewy bodies that are the cytopathological
hallmark of dopaminergic neuronal degeneration in PD
(Spillantini et al. 1997; Baba et al. 1998).

Human a-synuclein is a small, 140-residue soluble
protein that is abundantly expressed in neurons, where it is
localized at presynaptic terminals, particularly in the neo-
cortex, hippocampus, striatum, thalamus, and cerebellum
(Nakajo et al. 1994; Iwai et al. 1995a). The a-synuclein
sequence is characterized by the presence of an imperfect
11-residue periodicity in the first 89 residues, with a highly
conserved hexamer motif (KTKEGV). These repeats are
typical of the lipid-binding domain of apolipoproteins
(Clayton and George 1998). The peptide corresponding to
the sequence 61–95, originally termed NAC (non-amyloid-b
component), was observed in amyloid plaques associated
with Alzheimer’s disease (Ueda et al. 1993). Finally, the
C-terminal region (residues 96–140) is rich in acidic
residues and prolines.

Structurally, a-synuclein has a random conformation in
water under physiological conditions (Weinreb et al.
1996). On the other hand, the first ;100 residues interact
with sodium dodecyl sulfate (SDS) micelles or acidic
small unilamellar vesicles (SUV), undergoing a confor-
mational transition to a helical state (Eliezer et al. 2001).
The three-dimensional structure of a-synuclein, deter-
mined in SDS micelles by NMR, has been described as
two curved a-helices (residues 3–37 and 45–92) con-
nected by a well-ordered extended linker (Ulmer et al.
2005). Other conformational models also exist: The
N-terminal portion of the molecule associated with SUV or
SDS micelles has been described as an extended helix
(Ramakrishnan et al. 2003; Jao et al. 2004) or as a non-
canonical conformation, the a11/3 helix (Bussell and
Eliezer 2003; Bussell et al. 2005). Recently, we suggested
that the NAC region of the protein might be partially
inserted into the membrane (Bisaglia et al. 2005a).

The mechanisms responsible for Lewy body formation
are still poorly understood. Fibril assembly seems to be
accompanied by the transition from a random-coil con-
formation to a b-pleated sheet (Serpell et al. 2000). In the
fibrils found in the Lewy bodies, a-synuclein is indeed in
a b-sheet structure. Some reports indicate that membranes
accelerate the fibrillation of a-synuclein (Lee et al. 2002)
and that the aggregation process may occur on the
membrane surface (Cole et al. 2002). However, the effect
of membranes on a-synuclein aggregation seems to be
very sensitive to both relative concentration and mem-
brane composition, making it difficult to predict what the
behavior in vivo might be (Zhu et al. 2003; Madine et al.
2004).

It has been proposed that the NAC region of the protein
could promote the formation of b-amyloid in vivo (Ueda
et al. 1993; Li et al. 2002). Several indications point to
this region as the highly amyloidogenic part of the

molecule. In aqueous solution, the NAC peptide self-
aggregates via a nucleation-dependent kinetic mechanism
(Han et al. 1995) and the aggregates possess a distinct
fibrillar morphology, as observed by electron microscopy
of negatively stained samples (Han et al. 1995; Iwai et al.
1995b; El-Agnaf et al. 1998). As in the case of wild-type
a-synuclein, fibril formation is a time-, concentration-,
and temperature-dependent process (Iwai et al. 1995b),
and metals, such as Zn (II) and Cu (II), accelerate the
formation of fibrils (Khan et al. 2005). Moreover, the
NAC fragment induces apoptotic cell death in human
dopaminergic neuroblastoma SH-SY5Y cells by formation
of b-sheet and amyloid-like filaments (El-Agnaf et al. 1998).

To better understand the possible pathway for the aggre-
gation process and the role of membranes in fibril formation,
we decided to investigate the micelle-associated structure
and the topology of the NAC region in SDS micelles. The
approach of using negatively charged micelles to mimic the
molecular environment of biological membranes has been
successfully applied to many peptides and small proteins
(Henry and Sykes 1994; Opella et al. 1994; Sanders and
Oxenoid 2000). As structural studies of this fragment are
strongly hampered by the low solubility of NAC in water
(Weinreb et al. 1996) and by its tendency to aggregate, we
decided to analyze a recombinant polypeptide fragment of
a-synuclein (asyn57–102) that includes charged amino
acids flanking the NAC region.

Results

Effects of detergents on asyn57–102 secondary structure

a-Synuclein is characterized by the presence of an am-
phipathic N-terminal region with a net predominance of
basic residues over acidic ones. This charge distribution
could explain why the protein interacts with acidic
synthetic membranes. On the contrary, the asyn57–102
fragment encompasses the most hydrophobic portion of
the protein, with a slight predominance of basic amino
acids only at the two termini of the sequence (Fig. 1).
Therefore, we decided to analyze here the effects of
zwitterionic and acidic micelles on the asyn57–102
fragment by far-UV circular dichroism spectroscopy.

In the presence of DPC, no significant structuring ef-
fect can be observed even when the detergent is above its
critical micellar concentration (cmc) of ;1.5 mM (Fig.
2A). Only at significantly higher concentrations of DPC
can the formation of a partial helical structure be
observed. This behavior suggests the presence of an
equilibrium between free and micelle-bound peptides.
The free state seems to be largely favored so that only
a large amount of detergent partially shifts the equilib-
rium toward the micelle-bound, ordered form. In these
experimental conditions, no b structure is present, as
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indicated by the well-defined isodichroic point, which
reveals an equilibrium between only two conformational
states, i.e., a random coil and a helical structure. The
results obtained in the presence of SDS are quite different
(Fig. 2B). Low concentrations of detergent promote the
formation of a b structure in the peptide. At concen-
trations below its cmc, SDS often promotes b-sheet
structure (Zhong and Johnson 1992; Waterhous and
Johnson 1994), and a similar behavior was previously
observed in our and other laboratories for other non-
fibrillogenic peptides (Bairaktari et al. 1990; Kanaori et al.

1997). Above the cmc (;8 mM), asyn57–102 specifically
interacts with SDS micelles and adopts a helical conforma-
tion. From the ellipticity at 222 nm, the helical content can
be estimated to be ;50% (Greenfield and Fasman 1969).

Resonance assignment of asyn57–102

Based on the CD studies, we decided to use SDS micelles
as the membrane-mimetic environment. aSyn57–102 was
soluble at millimolar concentration in a water/SDS
micelle solution and yielded good quality NMR spectra.
There was no evidence of gelling or precipitation of the
sample over several weeks. One-dimensional (1D) spectra
acquired at different times confirmed the sample stability,
indicating that SDS micelles provide an environment
amenable to detailed structural analysis by high-resolution
NMR methods. The SDS concentration in the sample was
125 times higher than that of asyn57–102. Given that each
SDS micelle consists of ;60–70 molecules (Henry and Sykes
1994), the solution contained an ;2:1 ratio of micelles to
protein molecules, minimizing protein–protein interactions.
The severe overlap of several peaks in the amide region of
the homonuclear 2D spectra greatly impaired the analysis.
In order to improve the peak dispersion, 3D heteronuclear
experiments on a 15N-labeled sample were recorded. As
shown in Figure 3, all the 15N-HSQC peaks of asyn57–102
are accounted for in the spectrum. The 1H and NH reso-
nances were assigned using 3D TOCSY-HSQC and NOESY-
HSQC experiments.

The measured Ha chemical shifts were compared with
random coil shifts (Wüthrich 1986), and the deviations
are shown in Figure 4. From the analysis of the plot, three
regions show a propensity to adopt a helical conformation
(residues 58–64, 69–82, and 88–98). The most dramatic
deviations are in the central region, while the smaller
effect occurs in the C-terminal one, suggesting that the
latter adopts a less stable helix.

Three-dimensional structures

A total of 279 NOE-based distance restraints and 32 pairs
of (f,c) backbone dihedral angles derived from chemical
shift analysis were used in structure calculation (Table 1).
The 20 lowest energy structures selected for the final
analysis show good agreement with the experimental data
even if the convergence of the structures is globally very

Figure 1. Amino acid sequence of asyn57–102. The NAC fragment, which constitutes the more hydrophobic region of a-synuclein, is

in bold. The extra G-S-H-M sequence at the N terminus (see Materials and Methods) is shown in gray. Positively and negatively charged

residues are indicated. Nt and Ct indicate the charged N and C termini of asyn57–102, respectively.

Figure 2. Effects of detergents on asyn57–102 folding. Far-UV CD

spectra of 10 mM asyn57–102 after the addition of an increasing amount

of DPC (A) and an increasing amount of SDS (indicated) (B). The

fragment is random in water under physiological conditions and adopts

a helical conformation after binding to micelles. The interaction is more

pronounced with negatively charged micelles.

Bisaglia et al.
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poor. Over the whole molecule, the RMSD for backbone
atoms is very high (9.1 6 2.2 Å) due to the unstructured
portions of the asyn57–102 fragment. On the final
structure set, angular order parameters were calculated
for the backbone torsion angles f and c of all residues.
High values of the order parameter, indicating well-defined
torsion angles, were observed in three regions of the mole-
cule, with dihedral angles characteristic of helical confor-
mation: 58–63 (helix-1), 70–80 (helix-2), and 88–92 (helix-3).
Backbone superposition of each of these three regions
yielded good RMSD values: 0.54 6 0.23 Å (helix-1),
0.95 6 0.29 Å (helix-2), and 0.37 6 0.14 Å (helix-3),
indicating well-defined structural elements (Fig. 5). These
helical segments are present in the large majority of the
structures, although the length of each segment is slightly

different in the different structures of the ensemble. From
the calculated structures, the fraction of residues in helical
conformation was calculated to be 48% 6 8%, in good
agreement with CD results. This agreement indicates a high
stability of the micelle-bound form and excludes the
possibility of an equilibrium with the micelle-free state
(Schievano et al. 2003). Sequential and medium-range
connectivities expected for helical regions are present (or
hidden by spectral overlap) along the mentioned stretches.

The NOE data alone cannot explain whether the poor
definition of the two disordered regions between the
helices is due to actual flexibility or to lack of sufficient
experimental restraints. Nevertheless, these two regions cor-
respond very well with portions of the entire a-synuclein
(Ulmer et al. 2005) and of the 1–99 truncated mutant
(Bisaglia et al. 2005a) that show increased backbone
dynamics by 15N relaxation measurements performed in
SDS.

Topological analysis

The positioning of asyn57–102 with respect to the
surface or the interior of the micelles was investigated
by NMR, using the effects of two different spin-labeled
stearates on the amide resonances in the assigned HSQC
spectrum as structural probe. From 13C NMR experiments
(Papavoine et al. 1994; Bussell et al. 2005), the nitroxide
group of 5-doxyl stearic acid is localized close to the
sulfate group of the micelle, while that of 16-doxyl stearic
acid is found roughly in the center of the micelle. These
paramagnetic probes are able to induce broadening of the

Figure 3. Backbone assignment of asyn57–102. Proton-nitrogen correlation

spectrum (HSQC) of 2 mM asyn57–102 sample in the presence of 250 mM

SDS.

Figure 4. Conformational shifts of asyn57–102 bound to SDS. Plot of the

Ha chemical shift deviations from a random-coil conformation observed

for asyn57–102 in SDS as a function of residue number. Each data point

was averaged with its nearest neighbors to eliminate local effects (Pastore

and Saudek 1990). Negative deviations are typical of helical conformations.

Table 1. Structure statistics for the final 20 structures

Experimental input

Distance restraints

Intraresidue NOEs 124

Sequential NOEs 123

Medium-range NOEs |i � j| # 5 32

All unambiguous NOEs 260

All ambiguous NOEs 19

Dihedral angles restraints

TALOS-derived f,c 21

CSI-derived f,c 11

RMSDs from experimental data

All NOEs (Å) 0.016 6 0.004

Torsion angles (°) 0.16 6 0.16

RMSDs from ideality

Bonds (Å) 0.00300 6 0.00011

Angles (°) 0.42 6 0.02

Impropers (°) 1.22 6 0.14

RMSDs of backbone atomic position (Å)

All residues 9 6 2

Residues 58–63 0.5 6 0.2

Residues 70–80 0.9 6 0.3

Residues 88–92 0.37 6 0.14

Structure and topology of micelle-bound NAC

www.proteinscience.org 1411

JOBNAME: PROSCI 15#6 2006 PAGE: 4 OUTPUT: Thursday May 11 02:36:09 2006

csh/PROSCI/111782/ps0520487



NMR signals and a decrease of resonance intensity for
residues close to the surface (5-DSA) or deeply buried in
the micelle (16-DSA) (Hilty et al. 2004). To interpret the
results in a quantitative manner, the percent reduction of
the intensity of each amide peak in the presence of spin
probes was measured. This method has been widely used
(Piserchio et al. 2000; Lindberg et al. 2001; Bisaglia et al.
2005a) and provides 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 with 1 mM paramagnetic agents
(micelle:spin probe ratio of 1) are reported in Figure
6A,B. The peak reductions observed confirm that
asyn57–102 interacts with SDS micelles. The effects
are generally more pronounced in the presence of
5-DSA, suggesting that asyn57–102 is positioned on the
surface of the micelle. In both cases, the reduction in peak
intensity is more pronounced at the C-terminal extremity of
the NAC region (residues 88–96). These results suggest that
the first two helices are positioned closer to the micelle
surface, whereas the third helix penetrates more deeply into
the micelle.

An analogous picture emerges from the analysis of NH
chemical shifts. Statistical analysis of protein secondary
structures and amide proton chemical shifts indicated
that, on average, the amide protons resonate upfield in
a-helices and downfield in b-strands (Kuntz et al. 1991;
Wishart et al. 1991). Moreover, the NH chemical shifts
can be directly correlated with hydrogen bond lengths and
therefore with a-helix bending. For bent a-helices, the
NH chemical shifts typically display a three- to four-
residue periodicity because the convex and concave sides
of the a-helix promote upfield and downfield NH shifts,
respectively (Kuntz et al. 1991; Zhou et al. 1992). Such
a periodicity is clear in the amino acid regions encom-

passing the first two helices of asyn57–102 (Fig. 6C).
The micelle curvature can cause bending of these helices
if they are positioned on the micelle surface and strongly
interact with it. The spin-label analysis supports this
interpretation. The residues in the helices that show more
pronounced peak reductions in the presence of 5-DSA are
located on the concave side, i.e., on the helical region
facing the micelle. The behavior of the third purported
helix is very different. The amide protons present an up-
field deviation typical of a helical structure but without
any periodicity. The absence of bending suggests that the
third helix is not anchored to the micelle surface, and this
result is in line with the spin-label studies that show
a more pronounced immersion of this helix in the micelle.

Discussion

The NAC fragment of a-synuclein is the region respon-
sible for the ability of the protein to fibrillate. Even if it
constitutes the second major component of the amyloid
plaques in AD, no structural study on this fragment has
been published to date. This can probably be rationalized
with its low solubility in water and with its tendency to
aggregate. To overcome these limitations, we produced
a recombinant polypeptide containing residues 57–102 of
a-synuclein, which includes charged residues flanking
the NAC region (Bisaglia et al. 2005b). This construct is
more soluble than NAC itself, and it was possible to
produce it enriched with 15N. This helped to resolve the
peak overlap present in the homonuclear NMR spectra
that greatly impaired the structural analysis. There are no
significant differences in the HSQC spectra of the frag-
ment and that of the entire a-synuclein (Bisaglia et al.
2005a), except at the two termini of the sequence. This
indicates that truncation does not have important struc-
tural effects.

Figure 5. Structure of micelle-bound asyn57–102. Backbone superposition of 20 minimized structures for a-syn57–102. (A) E57–V66 by superposing

residues K58–V63; (B) G67–E83 by superposing residues V70–K80; (C) G84–D98 by superposing residues I88–T92. (D) a-Syn57–102 structure at

minimal energy.

Bisaglia et al.
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The structure of micelle-bound asyn57–102 consists of
three helices separated by two flexible stretches. The first
two helices, residues 58–63 and 70–80, are well defined.
The last one is slightly disordered and may exist as an
ensemble of unfolded and helical structures, with a well-
defined core formed by residues 88–92. The analysis of
the NH chemical shift deviations and the spin-label
experiments indicate that the first two helices are curved
and remain close to the micelle surface, whereas the last
one penetrates more deeply into the micelle and is not
bent.

The structural information described here for asyn57–
102 can be compared to the structural models proposed
for the same fragment in the entire a-synuclein. Un-
fortunately, most of them are at low resolution (Bussell

and Eliezer 2003; Chandra et al. 2003; Ramakrishnan et al.
2003; Jao et al. 2004; Bussell et al. 2005). Only one NMR
study reported the 3D structure of the protein, determined
in SDS micelles, using mainly structural constraints derived
from residual dipolar couplings (Ulmer et al. 2005). The
investigators described the a-synuclein structure as com-
posed of two curved a-helices (residues 3–37 and 45–92)
connected by a short linker in an antiparallel arrangement.
Unlike this representation, our results indicate the presence
of two well-defined helical breaks at residues 64–69 and
81–87. The identification of these breaks could be ascribed
to the reduced number of restraints in our structures.
However, several investigators suggested that around resi-
dues 65–68 and 83–86, the helix is less stable or more
flexible (Bussell and Eliezer 2003; Chandra et al. 2003;
Bisaglia et al. 2005a; Ulmer et al. 2005).

The topological analysis presented here is consistent
with a model recently proposed for the 1–99 fragment of
a-synuclein (Bisaglia et al. 2005a), although the idea of
a transmembrane helix, also suggested by the high
hydrophobicity of the NAC region, is not supported by
the present data. Possibly, insertion into the membrane of
a small region of a-synuclein is necessary to anchor the
protein more strongly to the membrane in order to exert
its biological function.

Because of their similar size, their ability to form
fibrils, and their coexistence in the Alzheimer’s plaques,
we compared the solution structure of asyn57–102 with
that of Ab peptide, determined in similar experimental
conditions (Coles et al. 1998; Shao et al. 1999; Crescenzi
et al. 2002). Despite some differences in the topology of
the helices, it is interesting to note that both of these
natively unstructured peptides adopt a predominantly
helical conformation upon binding to the micelles with-
out a well-defined tertiary structure.

Recent studies have defined the NAC region as re-
sponsible for a-synuclein aggregation and b-sheet for-
mation. Region 68–78 of a-synuclein was shown to
aggregate to form fibrils and to be neurotoxic, and region
68–76, although not forming fibrils, is the shortest
peptide that exhibits neurotoxicity (Bodles et al. 2001).
Region 72–84 forms the core of a-synuclein filaments,
and a synthetic peptide corresponding to this region self-
aggregates to form filaments and promotes fibrillation of
full-length human a-synuclein in vitro (Giasson et al.
2001). Very recently, a method to identify the most
amyloidogeic regions of a protein, applied to a-synuclein,
confirmed a high intrinsic aggregation propensity for the
NAC region, with the highest propensity for region 69–79
(Pawar et al. 2005). Interestingly, our results position
these residues within the second helical stretch. As already
suggested for the Ab peptide (Coles et al. 1998), the
a-syn57–102 stability in micelle/water solution at rela-
tively high concentrations (up to 2 mM) and 35°C seems to

Figure 6. Topological analysis of asyn57–102 in SDS micelles. (A,B)

Plots of the remaining amplitude of the HSQC peaks of 0.3 mM asyn57–

102 in the presence of 50 mM SDS after the addition of 1 mM 5-DSA (A)

or 1 mM 16-DSA (B). (C) Plot of the amide proton chemical shift

deviations from a random-coil conformation. For bent helices, NH

typically displays a 3–4 residue periodicity in chemical shifts.

Structure and topology of micelle-bound NAC
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indicate that the SDS micelle-bound, helical structure is
unable to evolve to the b-structures typical of both
protofibrils and fibrils (Fig. 7). Membranes could exert a
protective role simply by decreasing the cytosolic concen-
tration of the protein and preventing its aggregation, which
is a concentration-dependent process. A more intriguing
possibility is that specific residues involved in promoting
the aggregation process are prevented from intermolecular
interactions because they are inserted into the micelle. The
analysis of the NH chemical shift deviations, together with
the results obtained using paramagnetic probes, indicates
residues V71, V74, A78, and V82 as the ones located on the
concave side of the helix, directed toward the interior of the
micelle. These residues are the most likely ones to be
involved in the fibrillation process.

Recently, Zweckstetter and coworkers (Bertoncini et al.
2005) have suggested that part of the NAC region and
residues at the C terminus can form transient hydrophobic
clusters that could protect the natively unfolded a-synuclein
from oligomerization. A more specific identification of the
amyloidogenic residues could be important in defining
targets against aggregation. In the case of AD, the use of
peptidomimetics or small molecules to inhibit amyloid ag-
gregation was suggested (Schenk et al. 1995; Ghanta et al.
1996). An N-methylated NAC analog (residues 68–78) was
shown to be nonamyloidogenic and to reduce fibril forma-
tion (Bodles et al. 2004). The results described here suggest
that NAC analogs including up to residue 82 could be
considered to improve efficacy.

Materials and methods

Production of asyn57–102

Histidine-tagged asyn57–102 was produced as described else-
where (Bisaglia et al. 2005b). Briefly, overexpression of the
protein was achieved by transferring 40 mL of pre-culture in
Luria Bertani broth to 1 L of M9 minimal medium (supplemented
with 1 g/L 15N ammonium chloride for 15N-labeled protein) and
growing cells at 37°C to an OD600 of ;0.7, followed by induction
with 1 mM isopropyl-b-thiogalactopyranoside for 4 h. The protein
was purified on a Cobalt-agarose resin (Clontech) using the
manufacturer’s recommended protocol. To eliminate the His-tag,
the purified protein was digested with thrombin (Amersham
Pharmacia), using the manufacturer’s protocol. After cleavage,
the His-tag was separated from the protein through a passage in
the cobalt resin, and the protein was lyophilized. The final protein
contains an extra G-S-H-M sequence at the N terminus. From the
solid powder, the protein was extracted with three 500-mL aliquots
of 1,1,1,3,3,3-hexafluoro-2-propanol (Sigma) to desalt the sample;
it was again lyophilized and stored frozen.

CD experiments

CD measurements were carried out on a JASCO J-715 spec-
tropolarimeter interfaced with a personal computer. The CD
spectra were acquired and processed using the J-700 program
for Windows. The experiments were carried out at room
temperature using HELLMA quartz cells with Suprasil windows
and an optical pathlength of 0.1 cm. All spectra were recorded
in the 185- to 260-nm wavelength range, using a bandwidth of
2 nm and a time constant of 4 sec at a scan speed of 50 nm/min.
The signal-to-noise ratio was improved by accumulating four
scans. Spectra were acquired on 10 mM solutions of asyn57–102
in the presence of 10 mM phosphate buffer (pH 6.0) and with
the addition of increasing amounts of dodecylphosphocholine
(DPC) or SDS. The spectra are reported in terms of mean
residue molar ellipticity [U]R (deg�cm2/dmol). Peptide concen-
tration was determined by measuring the absorbance at 205 nm
(Scopes 1974).

NMR assignment

All NMR experiments were carried out at 35°C on a Bruker
Avance DMX600 spectrometer equipped with a gradient triple
resonance probe. The spectra were processed using the software
GIFA (Pons et al. 1996) and analyzed using the program
XEASY (Bartels et al. 1995) on a Silicon Graphics workstation.
NMR samples used for the assignment of a-syn57–102 con-
tained ;2 mM protein in H2O:D2O [90:10 (v/v)], 20 mM
phosphate buffer (pH 6.0), 250 mM SDS-d25, and 0.05%
NaN3. Assignment of protons and amide groups was obtained
by means of 3D-TOCSY-HSQC using a DIPSI2 isotropic mixing
pulse sequence (Shaka et al. 1988), and 3D-NOESY-HSQC
experiments with 70-msec and 100-msec mixing times, re-
spectively. The 3D experiments were acquired with 64 complex
data points in the 15N dimension; 128 or 160 points in the 1H
indirect dimension; and 512 points in the 1H direct dimension.
Spectral widths were 1796 Hz (1H-direct), 1338 Hz (15N), and
6000 Hz (1H-indirect). The frequency offsets were 4800 Hz
(1H-direct), 7053.5 Hz (15N), and 2325.8 Hz (1H-indirect). The
time domain data were multiplied by a 90° shifted sine function
in all dimensions before Fourier transformation.

Figure 7. Proposed model for the protective role exerted by the membrane

on the aggregation process of a-synuclein. In the cytosolic state, the

unfolded a-synuclein can undergo a conformational transition to form

b-aggregates. The presence of SDS micelles or negatively charged biologi-

cal lipids organized in micelles or SUVs decreases the cytosolic concentra-

tion of the protein and prevents its aggregation. The a-helix to b-structures

transition may be hampered because the residues responsible for the

aggregation process are protected by the membrane.
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Structure calculation

Structural NOE data for the asyn57–102 fragment were
extracted from the 3D-NOESY-HSQC. The program ARIA1.2
(Linge et al. 2001), as an extension of CNS1.1, was used to
compute the solution structure. ARIA enables the incorporation
of ambiguous NOE distance restraints into structure calculation
as well as calibration of the NOE distance restraints using
a structure-based NOE back-calculation. This approach was
chosen in order to deal with the low dispersion of the resonances
and consequent severe spectral overlap present in our data. A
total of 279 NOE-based distances were introduced in the cal-
culation, 209 of which had been manually assigned, while the
remaining ones were automatically assigned during the structure
calculation. Dihedral angle restraints were derived using both
TALOS (Cornilescu et al. 1999) and CSI (Wishart et al. 1992)
analysis of the chemical shifts. The dihedral angle restraints
were taken to be 62 standard deviations or at least 620° for the
average values predicted by TALOS and 630° for the values
predicted by CSI. ARIA runs were performed using the default
parameters supplied in the program. The initial conformation for
the simulated annealing protocol was extended. In the final
iteration, 50 structures were calculated, and the 20 with the
lowest energy were selected for the final analysis. The energy of
the final structure ensemble was minimized through a short
molecular dynamics simulation (Linge et al. 2003). Structures
were analyzed with MOLMOL (Koradi et al. 1996).

Paramagnetic relaxation experiments

The HSQC experiments were recorded at 35°C on 0.3 mM
asyn57–102 samples, in 20 mM phosphate buffer (pH 6.0),
50 mM SDS-d25. Two series of paramagnetic relaxation experi-
ments were acquired with a final spin-probe concentration of 0,
1, and 5 mM, respectively. Each titration point was obtained by
transferring the sample from the NMR tube into a polypropylene
1.5-mL vial containing the desired amount of 5-doxyl-stearic
acid (5-DSA) or 16-doxyl-stearic acid (16-DSA) (Aldrich) and
transferring it back into the NMR tube. All recording parameters
were kept rigorously constant, the only modification concerning
probe tuning and field shimming. The experiments (256 incre-
ments of 512 time points each) were acquired with 48 transients
each. The spectral widths were 1796 Hz (1H) and 1338 Hz (15N),
and the frequency offset 4800 Hz (1H) and 7053.5 Hz (15N).
Prior to Fourier transformation, the data were multiplied by
a 90° shifted sine function in both dimensions. Baseplane cor-
rection 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 as RA ¼ A(probe)/A(0), where A(probe) is the ampli-
tude of the peak measured after the addition of the paramagnetic
agent and A(0) is the amplitude in the absence of paramagnetic
agent. Uncertainties on peak intensity were determined by
evaluating the noise level in a peak-free region of the spectra.

Electronic supplemental material

The Supplemental Material contains a table with the 1H and NH
resonance assignment of asyn57–102 and two figures. The first
figure shows a survey of the NOE distance restraints versus the
asyn57–102 sequence and the angular order parameters calcu-
lated over the final structure set for the backbone angles f and c

of all residues. The second figure shows a summary of NOESY
connectivities of asyn57–102.
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Wüthrich, K. 1986. NMR of protein and nucleic acids.. John Wiley, New York.
Zhong, L. and Johnson Jr., W.C. 1992. Environment affects amino acid

preference for secondary structure. Proc. Natl. Acad. Sci. 89: 4462–4465.
Zhou, N.E., Kay, C.M., and Hodges, R.S. 1992. Synthetic model proteins: The

relative contribution of leucine residues at the nonequivalent positions of
the 3-4 hydrophobic repeat to the stability of the two-stranded a-helical
coiled-coil. Biochemistry 31: 5739–5746.

Zhu, M., Li, J., and Fink, A.L. 2003. The association of a-synuclein with
membranes affects bilayer structure, stability, and fibril formation. J. Biol.
Chem. 278: 40186–40197.

Bisaglia et al.

1416 Protein Science, vol. 15

JOBNAME: PROSCI 15#6 2006 PAGE: 9 OUTPUT: Thursday May 11 02:36:23 2006

csh/PROSCI/111782/ps0520487


