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Abstract Inclusions of aggregated o-synuclein (a-syn) in
dopaminergic neurons are a characteristic histological
marker of Parkinson’s disease (PD). In vitro, «-syn in the
presence of dopamine (DA) at physiological pH forms
SDS-resistant non-amyloidogenic oligomers. We used a
combination of biophysical techniques, including sedimen-
tation velocity analysis, small angle X-ray scattering
(SAXS) and circular dichroism spectroscopy to study the
characteristics of «-syn oligomers formed in the presence of
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DA. Our SAXS data show that the trimers formed by the
action of DA on a-syn consist of overlapping worm-like
monomers, with no end-to-end associations. This lack of
structure contrasts with the well-established, extensive
p-sheet structure of the amyloid fibril form of the protein
and its pre-fibrillar oligomers. We propose on the basis of
these and earlier data that oxidation of the four methionine
residues at the C- and N-terminal ends of a-syn molecules
prevents their end-to-end association and stabilises oligo-
mers formed by cross linking with DA-quinone/DA-melanin,
which are formed as a result of the redox process, thus
inhibiting formation of the f-sheet structure found in other
pre-fibrillar forms of o-syn.

Keywords Parkinson’s disease - o-Synuclein -
Dopamine - Protein aggregation - SAXS -
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Abbreviations

Ap The fS-peptide of AD amyloid

AD Alzheimer’s disease

o-syn o-Synuclein

a-syn:DA  a-Synuclein:dopamine

CDh Circular dichroism

DA Dopamine

EDTA Ethylenediamine tetraacetic acid
EPR Electron paramagnetic resonance spectroscopy
HMW High molecular weight

PAGE Polyacrylamide gel electrophoresis

PD Parkinson’s disease

SAXS Small-angle X-ray scattering
SDS Sodium dodecyl sulphate

SEC Size-exclusion chromatography
SVA Sedimentation velocity analysis
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Introduction

a-Synuclein (o-syn), a 140 residue natively unfolded pro-
tein, is implicated in a spectrum of neurodegenerative dis-
eases, including common conditions such as Parkinson’s
disease (PD), which affects 1-2% of people world-wide,
and the less common dementia with Lewy bodies, and the
Lewy body variant of Alzheimer’s disease (AD). The a-syn
gene (PARK 1) was the first to be linked with PD when two
mis-sense mutations (A30P and A53T) were identified in
familial PD (El-Agnaf et al. 1998; Polymeropoulos et al.
1997). PD is characterised by the selective degeneration of
dopaminergic neurons and the presence of insoluble o-syn
aggregates, i.e. amyloid fibrils, deposited in Lewy bodies in
the remaining substantia nigra neurons of the mid-brain.
This region of the brain plays an important role in reward,
addiction and the control of movement and balance, pro-
cesses mediated by dopamine (DA) in its neurotransmitter
role.

The dopaminergic neuron loss and the alleviation of
clinical symptoms for a period by administering L-dopa
suggest that there is a link between a-syn aggregation and
DA metabolism. Conway et al. (2001) found that DA-qui-
none, produced by the Fe-based oxidation of DA, kineti-
cally stabilised a-syn protofibrils, and they proposed that
the formation of ‘DA-a-syn adducts’ (DA-modified o-syn)
provided an explanation for the dopaminergic pathway of
a-syn-associated neurotoxicity in PD. L-dopa, DA and
other catecholamines disaggregate in vitro generated fibrils
(Li et al. 2004) and also inhibit fibrillisation of a-syn (Li
etal. 2004; Norris et al. 2005; Conway et al. 2001). Fur-
thermore, in the presence of DA, a-syn forms soluble, SDS-
resistant oligomers that are not amyloidogenic and lack the
typical amyloid fibril structures since they do not bind thio-
flavin T (Cappai et al. 2005). These findings suggest that
DA is a dominant modulator of o-syn aggregation. DA
readily undergoes oxidation to generate reactive quinone
intermediates and several studies have suggested the roles
of DA oxidative intermediates in promoting «-syn oligo-
merisation and fibril disaggreation (Norris et al. 2005; Li
et al. 2004; Pham et al. 2009; Burke et al. 2008). Dopami-
nochrome, an oxidation product of DA, reversibly inhibited
o-syn fibrillisation by forming small soluble oligomers
(Norris et al. 2005; Li et al. 2004). More recently, it was
shown that the reactive DA oxidation intermediate 5,6-
dihydroxylindole is involved in the formation of soluble
a-syn oligomers at the physiological pH (7.4), although at
pH 4.0 it promotes the formation of SDS-resistant insoluble
oligomers that further associate to form sheet-like assem-
blies of fibrils (Pham et al. 2009). Another pointer to this
role for DA oxidation intermediates is the finding by Burke
et al. (2008) that the monoamine oxidase metabolite of DA,
3,4-dihydroxyphenylacetaldehyde (DOPAL), triggered o-syn
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aggregation in a cell-free system and in neuronal cell cul-
tures resulting in the formation of potentially toxic «-syn
oligomers and aggregates. They also showed that DOPAL
injection into the substantia nigra of Sprague-Dawley rats
resulted in dopaminergic neuron loss and the accumulation
of high molecular weight (HMW) oligomers of o-syn.
These results suggested that distinct reactive intermediates
of DA, and not DA itself, interacted with a-syn and induced
its oligomerisation.

However, the details of interaction between «-syn and
DA (or its oxidative intermediates) are yet to be eluci-
dated. Conway et al. (2001) suggested that the DA-modi-
fication of a-syn stabilised the oligomers and prevented
them from elongating into mature fibrils. In agreement
with this mode of mechanism, Li et al. (2004) have sug-
gested that the covalent modification of a-syn molecules
by DA reactive quinone leads to the formation of stable
oligomers and weakening of the intermolecular forces of
the o-syn fibrils, resulting in the disaggregation of fibrils
into soluble oligomers and monomers (Li et al. 2004). By
contrast, it has been argued that the inhibition of x-syn
fibrillisation by DA and its oxidative intermediates does
not involve any covalent modification of a-syn because
mutagenesis of key amino acids (Met, His and Tyr) that
might undergo modification did not abrogate this inhibi-
tion (Norris et al. 2005). Instead, DA oxidative interme-
diates may have interacted with o-syn residues 125-129
(the “YEMPS” sequence), induced structural changes in
a-syn and promoted the formation of off-pathway oligo-
mers (Norris et al. 2005). However, a recent study dem-
onstrated that the formation of the DA-mediated «-syn
oligomers did not require the YEMPS sequence because
a truncated o-syn mutant terminating at residue 124
could still form soluble oligomers in the presence of DA
(Leong et al. 2009a, b). The observations that DA-medi-
ated o-syn oligomerisation was accompanied by the oxi-
dation of all four Met residues within o-syn (Norris et al.
2005; Leong et al. 2009a, b) and mutagenesis of all four
Met residues to Ala significantly reduced the propensity
of a-syn to form SDS-resistant soluble oligomers sug-
gesting that Met oxidation of o-syn might be the key
mechanism by which DA mediated the formation of
a-syn soluble oligomers and prevented the conversion of
soluble oligomers into amyloid fibrils (Leong et al.
2009a, b).

Electron microscopy (Cappai et al. 2005) showed that
a-syn incubated with DA gave rise to species with a variety
of sizes and shapes, but provided no information about their
supra-molecular structure and, therefore, mode of associa-
tion. Such information may be important in elucidating the
role of DA and oligomeric o-syn in PD. Application of
conventional structure-determining techniques, such as
X-ray crystallography and NMR is limited because of the
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size and nature of the oligomers. However, recent advances
in molecular shape modelling from small angle X-ray scat-
tering (SAXS) data, e.g. the DAMMIN / DAMMIF pro-
gram (Svergun 1997; Konarev et al. 2006) make it possible
to accomplish low-resolution shape and internal structure
retrieval ab initio, not requiring a foreknowledge of the
high-resolution structure of the subunits of supramolecular
assemblages. In this paper, we report the use of SAXS mea-
surements, combined with circular dichroism (CD) spec-
troscopy and sedimentation velocity analysis (SVA), to
describe the morphology of the trimers formed at the begin-
ning of the oligomerisation of a-syn in the presence of DA
and to relate this morphology to current knowledge of the
formation of DA-induced o-syn oligomers.

Experimental
Expression of recombinant o-syn

a-Syn was overexpressed in Escherichia coli BL21 (DE3)
cell strain transformed with pRSETB expression plasmid
containing o-syn DNA sequence. The purification of a-syn
was performed as described previously (Cappai et al.
2005). Briefly, the expression cell pellets were resuspended
in lysis buffer [20 mM Tris-HCI pH 7.5, 5 mM EDTA and
protease inhibitor EDTA-free tablet (Roche)]. The cells
were lysed by sonication and centrifuged at 16,000 rpm for
1 h at 4°C using an Avanti centrifuge (Beckman). The pel-
let was discarded and soluble lysate was subjected to acid
precipitation followed by anion exchange chromatography
using a 5 mL HiTrap Q® HP column (GE Healthcare)
equilibrated with 10 mM Tris-HCI, pH 7.5. The protein was
eluted from the column using 0-1.0 M NaCl gradient. The
pooled fractions containing «-syn were dialysed against
MilliQ® water and lyophilised. The lyophilised protein was
dissolved in 100 mM ammonium bicarbonate pH 7.5 and
loaded onto a size exclusion chromatography (SEC) HiPrep
Sephacryl® S300 26/60 column (GE Healthcare) equili-
brated in 100 mM ammonium bicarbonate pH 7.5. The
eluted protein was pooled and dialysed against MilliQ®
water before being lyophilised. The purity of the protein
was determined by SDS-PAGE analysis and mass spec-
trometry. The protein concentration was determined using
the 280 nm extinction coefficient of 5,120 M~' cm™!.

Preparation of DA-treated «-syn samples

The lyophilised o-syn was dissolved in 6 M guanidine
hydrochloride, 10 mM Tris-HCI at pH 7.5 to a concentra-
tion of approximately 450 uM. Buffer exchange was per-
formed on a PD-10 desalting column (GE Healthcare)
equilibrated in MilliQ® water. The eluted protein was

filtered through a 0.22 um syringe-driven filter and then
diluted into buffer containing DA. The final composition of
the sample was 200 pM of a-syn and 2 mM DA in 10 mM
sodium phosphate at pH 7.4. About 10-20 mL of this
sample was incubated at 37°C for 5-7 days. Samples were
subjected to high-speed centrifugation in a TL-100
ultracentrifuge (Beckman, USA) at 390,880 g (100,000 rpm)
for 45 min at 4°C, and the supernatants (soluble oligomer
fractions) were collected for SEC using a HiL.oad Superdex
200 16/60 column (GE Healthcare). For each run, 2 mL of
soluble fraction was loaded onto the column equilibrated
with 10 mM sodium phosphate at pH 7.4. Oligomers were
eluted from the column at a flow rate of 1 mL/min and
I mL fractions were collected. Multiple runs of SEC for
a-syn:DA oligomers were performed and the elution pro-
files for all the runs were consistent. Accordingly, the
eluted fractions from multiple SEC runs were combined
and a 15 pL sample of each fraction was used for
SDS-PAGE/silver stain analysis using 12% Bis-Tris gel
(Invitrogen).

For SAXS and parallel CD measurements, the eluted
fractions were lyophilised and re-dissolved in MilliQ®
water immediately before use. For sedimentation velocity
analysis, CD and EPR measurements, the eluted fractions
were concentrated three- to eight-fold using ultrafiltration
centrifugation (Millipore).

Sedimentation velocity analysis (SVA)

The concentrated fractions from SEC were diluted with
10 mM sodium phosphate at pH 7.4 so that the ODyg ,,, Of
each sample was between 0.5-1.0. Samples (380 pL) and
reference (400 pL) solutions were loaded into a double sec-
tor quartz cell fitted with a 12 mm thick centrepiece and
placed in a Beckman An-60 Ti rotor. HMW oligomer sam-
ples were centrifuged at 25,000 rpm while the dimer and
trimer fractions were centrifuged at 35,000 rpm and the
monomer samples were centrifuged at 40,000 rpm for 16 h
at 20°C in a Beckman XL-I analytical ultracentrifuge
(Beckman Coulter, CA). Radial absorbance data were col-
lected at a wavelength of 280 nm every 9.5 min with radial
increments of 0.002 cm in a continuous scanning mode. For
each sample, the sedimentation velocity profiles were fitted
to the c(M) models with the aid of the freeware computer
program SEDFIT (http://www.analyticalultracentrifugation.
com/sizedistributions.htm) using a regularisation parameter
of P =0.95 with a resolution of 100. Time-independent and
radial-independent noise was fitted. The sample meniscus
position and the frictional ratio (f/f;)) were routinely fitted.
The smallest molar mass (M-min) was set at 0.35 kDa and
the largest molar mass (M-max) was set at 1,500 kDa for
HMW oligomeric samples and 300 kDa for the LMW olig-
omeric samples.
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MALDI TOF mass spectrometry

Samples (5 pL) of SEC fractions 31, 20 and 16, corre-
sponding to Met-oxidised o-syn monomer, a-syn:DA dimer
and a-syn:DA trimer, were spotted onto a H50 Protein Chip
array (Bio-Rad) and allowed to air-dry. Each spot was
washed with 10 pl of 100 mM HEPES and allowed to air-
dry before a volume of 1 pL of sinapinic acid solution
[50% sinapinic acid saturated in 30% (v/v) acetonitrile 10%
isopropyl alcohol and 0.5% in TFA] was applied to each
spot twice. The array was air-dried between each applica-
tion. PCS 4000 Enterprise SELDI-TOF-MS (Bio-Rad) was
used to obtain the mass of the sample components.

Circular dichroism (CD)

Far-UV CD spectra were collected from 185 to 260 nm on
a Jasco 810 spectropolarimeter using a 1 mm path length
quartz cuvette at 20°C. CD measurements were recorded
for untreated o-syn monomer (0.074 mg/mL), Met-oxidised
o-syn monomer (0.070 mg/mL), a-syn:DA dimer (0.127 mg/
mL) and a-syn:DA trimer (0.15 mg/mL) in 10 mM sodium
phosphate at pH 7.4. Baseline spectra acquired for buffer
without a-syn and DA were subtracted. Secondary structure
analysis was performed using CDSSTR deconvolution on
the DICHROWEB website located at http://dichroweb.
cryst.bbk.ac.uk, which is supported by grants to the
BBSRC Centre for Protein and Membrane Structure and
Dynamics (CPMSD) (Lobley et al. 2004; Whitmore and
Wallace 2004, 2008). To verify SAXS sample stability,
far-UV CD spectra were measured parallel to (without irra-
diation) and immediately after SAXS experiments using a
Jasco 815 spectropolarimeter in 0.1 mm path length quartz
cell (Hellma) at 4°C.

Electron paramagnetic resonance (EPR) spectroscopy

EPR experiments were carried out at X-band (ca. 9.4 GHz)
with a Bruker ESP380E CW/FT spectrometer. The mea-
surements were made at sample temperatures of 297 and
77 K using the standard rectangular TE,y, cavity and a
quartz cold finger Dewar insert. At both temperatures,
50 pL of sample was contained in a quartz tube. Microwave
frequencies were measured with an EIP Microwave 548A
frequency counter.

Small angle X-ray scattering (SAXS)

SAXS data were acquired on a Bruker SAXS NanoSTAR
three-pinhole collimation instrument with a rotating anode
source (wavelength Cu Ko 1=1.5418 A) with a Bruker
Vantec 2D detector (sample-to-detector distance 700 mm,
resolution 100 um). SAXS data were acquired for o-syn
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samples at 4°C. Protein sample stability was verified by the
unchanging CD profile (not shown) of the samples before
and after SAXS experiments. Further, extended SAXS
collection in hourly increments showed no change in
scattering data. Radial averaging to produce 1D-scattering
intensity profiles of I(g) vs. ¢ for a ¢ range ~ 0.02-0.3 A~!
(where the scattering vector ¢ = 4n sin(6)/A and 20 is the
scattering angle) was done using Bruker SAXS data collec-
tion software, which includes corrections for detector sensi-
tivity. Data analysis and modelling were carried out using
appropriate members of the ATSAS suite of programs,
available from http://www.embl-Hamburg.de/Externallnfo/
Research/Sax/index.html. The program PRIMUS (Kona-
rev et al. 2000) was used to perform solvent blank subtrac-
tions and Guinier analysis. GNOM was used to obtain
distance distribution functions; DAMMIF (Franke and
Svergun 2009) for restoring ab initio low resolution shape
as a space-fill assembly of ‘dummy atoms’ from the isotro-
pic scattering data; GASBOR for ab initio reconstruction as
a chain of ‘dummy residues’, and CRYSOL for evaluating
the scattering curves from GASBOR models (Svergun and
Koch 2002).

Results
Size fractionation of a-syn:DA species

SDS-PAGE analysis of a-syn incubated in the absence
and presence of DA showed a distinct oligomeric banding
pattern for the samples incubated with DA (Fig. 1a), rep-
resenting monomer, dimer, trimer and higher molecular
weight oligomers. The a-syn:DA species were separated
according to their molecular mass by SEC as described in
the “Experimental” section. Figure 1b shows the SEC elu-
tion profile of the a-syn:DA oligomers. The solution col-
our of eluted fractions at the start of peak 1 from the
elution profile was dark brown. This brownish solution
colour was lighter for eluted fractions toward the end of
peak 1. A slight brown tint was observed in the eluted
fractions from peak 2, with a near colourless solution
observed for eluted fractions from peak 3. The brown col-
our observed in the solution of the eluted fractions indi-
cated the presence of polymeric DA, known as melanin.
SDS-PAGE analysis of the eluted fractions (Fig.2)
revealed the first peak from the elution profile to consist
of HMW oligomers. The shoulder between peak 1 and
peak 2 from the elution profile indicated the presence of
trimeric and tetrameric species. The second peak from the
elution profile represented the dimeric species, while the
third peak was of monomeric species. A protein band was
not detected on the SDS-PAGE of the eluted fraction for
peak 4 containing mainly polymeric DA.
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Fig. 1 Size exclusion chromatography of a-syn:DA soluble oligo-
mers. a SDS-PAGE analysis of the soluble fractions of a-syn incubated
in the absence and presence of DA following high speed centrifuga-
tion. b SEC elution profile of a-syn:DA oligomers. Soluble fractions of
a-syn:DA oligomers were loaded onto a HiLoad Superdex 200 16/60 s
column. The oligomers were eluted at a flow rate of 1 mL/min, and
1 mL fractions were collected as indicated on the figure

Sedimentation velocity analysis (SVA) of a-syn:DA
species

The sedimentation behaviour of a molecule in solution is
dependent on the size and the shape of the molecule. To
determine the size distribution of selected SEC fractions,
samples were subjected to SVA and the sedimentation rate
of molecules in solution was monitored over a period of
16 h by collecting the absorbance scan along the radius of
the centrifuge cell. These scans were fitted to the c(M)
model (Schuck 2000). Figure 3 shows the molar mass distri-
bution of the HMW and LMW oligomer fractions. The
results from the SVA are summarised in Table 1. The size
distribution of the HMW oligomers (Fig. 3a) was much

broader than that of the LMW oligomers (Fig. 3b), indicat-
ing a greater polydispersity of the HMW samples. There
was a decrease in the polydispersity as the oligomers eluted
from the SEC column. The size distribution was broad in the
fractions toward the start of peak 1 and much narrower in
the fractions toward the end of peak 1 (i.e. compare the size
distribution of fraction 3 to fraction 8). The size distributions
of the LMW oligomers (Fig. 3b) were much more defined,
with a sharp, narrow size distribution observed for the
monomeric samples (fraction 31 and the untreated o-syn
monomer). It should be noted that fraction 31 of SEC is the
monomeric «-syn species. According to electrospray mass
spectrometry, the average mass for this species was
14,524 Da, corresponding to the mass of monomeric o-syn
with four oxidised Met (data not shown), consistent with
previous observations (Leong etal. 2009b; Pham etal.
2009). Hereafter, we refer to this monomeric species as Met-
oxidised a-syn monomer. The narrow size distribution of the
LMW oligomer fractions indicated that these fractions were
monodisperse. It can be seen from Table 1 that all fractions,
with the exception of the monomer, have molecular masses
exceeding that expected for the modal subunit of «-syn,
most likely bound to DA. From Table 1, the excess MW due
to DA is approximately 3 kDa, equivalent to 20 DA mole-
cules for every additional o-syn molecule added to the
dimer. Indeed, MALDI TOF analysis of the dimeric and tri-
meric fractions indicated a mass of 32,244 and 49,707 Da
respectively. These masses corresponded to addition of
3,324 Da (22 DA molecules) for the dimer and 6,327 Da (42
DA molecules) for the trimer (Fig. 4).

In analysing the sedimentation velocity data using the
c(M) model, the weight-average frictional ratio (f/f;) was
assumed to be the same for all the species in a given sample.
The frictional ratio reflects the shape of the protein in solu-
tion; it is a measure of sphericity of the molecule. For a glob-
ular protein, f/f, <1.25 and for a non-globular protein with an
extended conformation f/f, >1.25 and depends on the size of
the protein. From the results of the SVA of a-syn:DA spe-
cies, the fitted frictional ratio for all oligomer fractions was
in the range 1.8-2.5 (Table 1), indicating that the oligomers
may have an extended or asymmetric conformation.

Circular dichroism of a-syn:DA species

CD spectra of the a-syn:DA oligomers were characterised
by a negative minimum in the vicinity of 200 nm (Fig. 5),
which indicated that their secondary structure is largely
random coil as was the case with the untreated «-syn mono-
mer and Met-oxidised o-syn monomers. The CDSSTR
deconvolution profiles (n > 3) of untreated and Met-oxi-
dised a-syn monomer were essentially identical, i.e. there
was no change in regular secondary structure elements such
as a-helix and pf-sheet content upon exposure to DA
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Fig. 2 SDS-PAGE/silver
stained analysis of the eluted
fractions from SEC of soluble
o-syn:DA oligomers (as shown
in Fig. 1b)
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(Table 2). On the other hand, DA-induced oligomerisation
caused a decrease in random coil conformation as indicated
by the loss of negative minimum at 200 nm (Fig.5).
Deconvolution of the a-syn:DA dimer and trimer CD spec-
tra showed similar secondary structural elements for both
of these oligomeric species with an increase in the ff-sheet
and turns content and a decrease in the unordered confor-
mation relative to the monomer (Table 2).

EPR spectroscopy of a-syn:DA species

In view of the dark colour observed in the SEC fractions
suggesting the presence of melanins, these fractions were
examined by EPR spectroscopy. In no case was a melanin
radical at g =2.0034 detected at either 77 or 297 K, sug-
gesting that any quinone reaction products of the DA had
reacted with the o-syn, supporting the conclusions from our
data of SVA and mass spectrometry and earlier studies
(Conway et al. 2001).

SAXS comparison of a-syn:DA samples

SAXS experiments were performed for selected eluted
fractions from SEC (Fig. 1b). Analysis of SAXS data
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Eluted fractions

kDa

188
98

showed that the radiuso of gyration, R,, progress%vely
increased from 371 £ 1 A for fraction 31 to 105 + 2 A for
fraction 3 (Table 1). At the same time, the SAXS curves for
these species indicated an increasing globularisation as the
modal mass increased, reflected by the shape of Kratky
plots, g vs. ¢*I(q), (Fig. 6a). A scattering curve in the Kratky
plot has a characteristic maximum for globular-shaped
molecules, while for ‘linear’ molecules, e.g. unfolded pro-
teins, such a maximum is absent from the Kratky plot
(Glatter and Kratky 1982), as previously shown for a-syn
(Uversky et al. 2001). These data are consistent with elec-
tron micrographs of o-syn oligomers treated with DA,
which showed roughly globular species (Cappai et al.
2005).

SAXS of untreated «-syn and the monodisperse o-syn:DA
fractions (monomer and trimer)

As indicated by the SVA data (Fig. 3), the monomeric
(fraction 31 from SEC) and trimeric (fraction 16) o-syn
samples were monodisperse, thus we chose these fractions
for detailed SAXS analysis. The fitted SAXS data, col-
lected at a concentration of 12.9 mg/mL for Met-oxidised
o-syn monomer (fraction 31) had an R, = 37+ 1A
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from SEC were subjected to SVA as described in the “Experimental”
section

(Guinier analysis). This was consistent with the values
obtained for untreated o-syn monomer (36 =1 and
34+ 1A at 6.9 and 1.7 mg/mL, respectively), meaning that
the presence of DA did not affect a-syn monomer’s
conformation. These values were also within the range

expected for a 140 residue unfolded protein in a close to
ideal solvent (~38 A) (Kohn et al. 2004). The a-syn:DA
trimer (fraction 16) at a concentration of 1.1 mg/mL had an
R,=50=£3 A. This value for the trimer was too low to be
accounted for by the relationship between R, and the num-
ber of residues (N), Rg = RyN", where v = 0.588 for a real,
excluded-volume random coil polymer and R, is a constant
dependent on the persistence length of the polymer
[Ry=2.1 A (Plaxco and Dobson 1996)]. The expected R,
for three end-to-end associated random coil a-syn mole-
cules would be around 70 A. This discrepancy could be
accounted for by the existence of cross-links between the
chains and/or some degree of structuring in the o-syn:DA
trimer. Kratky plots of the SAXS data of Met-oxidised
o-syn monomer and a-syn:DA trimer (Fig. 6b) indicated
that both species had non-globular shape. Consistently, the
distance distribution P(r) functions (Fig. 6¢) obtained by
the inverse Fourier transformation of the SAXS profile
indicated that untreated monomer, Met-oxidised o-syn
monomer and o-syn:DA trimer had elongated shapes
with maximum dimensions D =130, 150 and 170 A
respectively (Fig. 6¢).

Subsequent ab initio modelling using DAMMIF soft-
ware produced a number of models for untreated o-syn,
Met-oxidised a-syn monomer and o-syn:DA trimer.

A new approach to define the representative structure
among all equally probably solutions given by DAMMIF
[personal communication with Maxim V. Petoukhov, Bio-
logical Small Angle Scattering Group, EMBL, Hamburg
Outstation, Germany] was used. The new algorithm orga-
nises the given set of DAMMIF solutions into clusters
based on their similarity using a normalised spatial discrep-
ancy (Kozin and Svergun 2001) as a figure of merit. Then
structures within each cluster are averaged to build the

Table 1 SEC data, molecular mass and frictional ratios for size exclusion column fractions of DA-treated o-syn

Eluted fraction Frictional ratio (fif;)

Modal mass (kDa)

Modal subunit a-syn Radius of gyration (A)

Fr.3 2.39 374.13
Fr. 4 2.44 318.60
Fr. 5 2.45 253.50
Fr. 6 2.37 205.11
Fr.7 2.25 160.27
Fr. 8 2.26 139.27
Fr. 10 - -

Fr. 11 - -

Fr. 12 - -

Fr. 14 1.98 54.50
Fr. 16 (o-syn:DA trimer) 2.00 49.48
Fr. 20 (o-syn:DA dimer) 1.85 31.14
Fr. 31 (Met-ox monomer) 1.87 14.22
Untreated monomer 1.95 15.87

25.80 105 £ 2
21.97 88+ 1
17.48 -
14.15 -
11.05 78 £1
9.60 67+ 1
- 61 &1
- 55+1
- 52+1
3.77 44+1
3.42 50+1
2.15 40+2
0.98 37+ 1
1.10 36+ 1
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Fig. 4 MALDI-TOF spectra of 150|  1451304H
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Fig. 5 CD spectra of untreated monomer, Met-oxidised o-syn mono-
mer and o-syn:DA dimer and trimer, acquired in parallel to SAXS
measurements

representative structure(s). For the simple globular shapes
the algorithm yields one structure whose shape represents
the most probable model for the protein in solution. In the
case of more complicated or flexible particle envelopes, the
new approach generates a set of equally probable shapes.

Figure 7 shows representative sets of ab initio restored
elongated shapes for untreated «-syn (Fig. 7a), for Met-oxi-
dised a-syn monomer (Fig. 7b) and for the a-syn:DA trimer
(Fig. 7c), with anisometry ratios of ca. 5.3:1 for both Met-
oxidised a-syn monomer and a-syn:DA trimer or ca. 3:1 for
their envelopes. The worm-like shapes of the depicted mol-
ecules were therefore reasonable solutions for DAMMIF
modelling from the mathematical point of view, as accord-
ing to Volkov and Svergun (2003), shapes with anisometry
of up to 1:10 can be restored from their SAXS curves.

The longest distances in .pdb coordinate files of Met-
oxidised a-syn monomer and o-syn:DA trimer models were
133 +3 and 163+ 1 A respectively. These dimensions
suggested that the a-syn:DA trimer consisted of approxi-
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mately parallel, aligned monomers, although with some
degree of overlap or folding. Models of monomers
(untreated and Met-oxidised) showed a high degree of sim-
ilarity and their shape was always asymmetric—a worm-
like species with a ‘head’ and ‘tail’ ends (Fig. 7a,b). The
models of trimer were more so, indicating that one end of
the molecule may be less well defined than the other end
(Fig. 7c). It is possible then that the a-syn:DA trimer popu-
lation contained a mixture of species with different modes
of assembly.

Another ab initio modelling approach of Met-oxidised
a-syn monomer and o-syn:DA trimer using the GASBOR
program, which, contrary to DAMMIF, utilises the high-g
data portion, yielded chain-like structures composed of
dummy residues. Careful inspection of possible alignment
configurations of partly structured monomers allowed the
construction of a model of the trimer from three model
units of the monomer. These are shown in Fig. 8a. Direct
alignment of monomer models within a trimer did not pro-
duce a reasonable fit, however when the monomer struc-
tures were ‘bent in the middle’ they could be superimposed
onto the trimer structure. This suggests that some structur-
ing of o-syn occurred upon o-syn:DA trimer formation,
consistent with our CD data. A SAXS curve for this con-
struct was computed using the CRYSOL program and it
showed good agreement (y =0.985) with the o-syn:DA
trimer SAXS data (Fig. 8b).

Discussion

The molecular mass from MALDI-TOF and SVA, and the
EPR data suggested that o-syn monomers were Cross-
linked with polymeric DA species (melanin) within the
oligomers. It has already been shown that DA and its
reactive intermediates oxidise all four Met residues in
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Fig. 6 SAXS data for Met-oxidised a-syn monomer. a Kratky plots
for selected DA-induced a-syn oligomers of HMW and LMW. Polyno-
mial (4th order) curves (solid lines) were fitted to the datasets of frac-
tions 4, 8, 10 and 12 in order to distinguish them at higher ¢ values

monomeric «-syn, which with time associate to form o-syn
oligomeric species (Conway et al. 2001; Li et al. 2004;
Norris et al. 2005; Cappai et al. 2005; Leong et al. 2009a,
b). Our SAXS and CD data showed that Met-oxidised
a-syn monomers are elongated worm-like shapes, similar to
monomeric untreated «-syn, lacking significant secondary
structure elements, whereas the o-syn:DA dimers and tri-
mers appeared to have more ff-sheet and turn content. The
shape of trimers was less defined than that of monomers;
however their size indicated that monomers tended to be
aligned side-by-side with partial overlap rather than asso-
ciated via end-to-end interactions. Despite increased pro-
pensity for f-sheet formation (Table 2), this arrangement
of monomers in small oligomers may prevent ordered lat-
eral association of a-syn molecules typical of fibrillisation.
The increasing frictional ratio and Rg values (Table 1)
showed that as the o-syn:DA oligomers increased in size,
their shape became more globular, but no evidence of

B 035
0.30 — Met-0x monomer
iz crsyn:DAtrimer
o 0.20
o

0.15

0.10

0.05

0.00
0.01 0.03 0os 0o7 0.09 0.11 0.13 015

q(a")

where significant data overlap occurs. b Kratky plot of Met-oxidised
o-syn monomer and a-syn:DA trimer. ¢ Plot of distance distribution
function P(r) of Met-oxidised a-syn monomer and o-syn:DA trimer

more secondary structure was found in those species (CD
data not shown).

The shape of monomeric a-syn in solution

Our data suggested that untreated monomeric o-syn
assumed a partly extended form in solution. We have two
indicators of the lack of structure for the untreated and Met-
oxidised a-syn monomer. These are their frictional ratios
>1.25 and CD data (Tables 1 and 2). However, in relation
to the latter we need to recall the observations of Fitzke and
Rose (2004) who showed that a protein could behave as a
random coil even if it contains non-random segments,
provided they are linked by backbone residues whose tor-
sion angles have been varied at random. The occurrence of
structured regions in monomeric native o-syn has been
suggested in a number of earlier studies (Kohn et al. 2004;
Bertoncini et al. 2005). Our R, values of untreated o-syn
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Fig. 7 Ab initio models of a untreated a-syn, b Met-oxidised a-syn
monomer and ¢ o-syn:DA trimer built by DAMMIF software. Each
model is a probability-equivalent averaged solution by clustering. The
100 A scale bar applies to all panels

monomer, which fitted into the power law for an unfolded
protein of a slightly shorter length (~120 residues), indi-
cated that this molecule had some residual structure.

The shape of «-syn:DA trimers in solution

Our CD spectra showed that, as in the case of the monomer,
the a-syn:DA dimer and trimer possessed a largely unstruc-
tured conformation. Our SAXS reconstructions of the tri-
mers showed that the worm-like shape was retained giving
the appearance of overlapping monomers with no end-
to-end association. This finding appeared to be different
from the previously published conformations of «-syn olig-
omers obtained under different experimental conditions.
For example, in a study of fibril formation occurring during
prolonged incubation in the absence of DA, Tashiro et al.
(2008) used 2D 'H-N NMR spectroscopy, electron

@ Springer

microscopy and SAXS to investigate the structural proper-
ties and propensities to form fibrils of a-syn at the initial
stage. Observation of the 'H-'>N HSQC spectra indicated
significant attenuation of many cross peak intensities in the
regions of the KTKEGV-type repeats located in or near the
NAC (non-amyloid component) region of a-syn, suggesting
that these regions contributed to fibril formation (Tashiro
et al. 2008). In other studies not involving DA, atomic force
and electron microscopy showed that the oligomers formed
by either wild-type or mutant z-syn had a number of differ-
ent morphologies including spherical, chain-like, ring-like
and annular structures (Conway et al. 2000; Lashuel et al.
2002). Further, an important property of the DA-induced
oligomers is their low f-sheet content (Cappai et al. 2005
and Table 2), which contrasts with that reported for o-syn
fibrils, where a continuous middle segment contains sys-
tematically H-bonded f-structure (Heise et al. 2005; Del
Mar et al. 2005). In addition, Fukuma et al. (2008), using
frequency modulation atomic force microscopy, were able
to show individual f-strands with a spacing of 5 A that
were aligned perpendicular to the fibril axis.

The nature of the molecular association in the oligomers

Although we cannot completely exclude the possibility that
DA melanin cross-links the monomers through tannin-like
hydrophobic and electrostatic interactions, it is known that
DA-quinone reacts with «-syn by coupling its Tyr residues
and by nucleophilic attack on Lys residues forming a Schiff
base (Conway etal. 2001). Our MW data from SVA
(Table 1) and MALDI TOF mass spectrometry (Fig. 4)
suggested that there was a stochiometric interaction
between a-syn and DA polymers. The relationship between
DA and a-syn can be expressed as modal mass =n x MW
o-syn + (n — 1) x 4.8 kDa, where n is the number of a-syn
molecules in the oligomer. The mass of 3 kDa represented
addition of approximately 20 DA quinones per a-syn mole-
cule, suggesting that it reacts with all of the 15 Lys residues
and the 5 Tyr residues. The distribution of these residues in
the sequence is shown in Fig. 9a. This relationship implied
that DA was cross-linking o-syn while polymerising to
form melanin. A way in which the Lys residues of the
imperfect KXKXX repeats could be linked is shown in
Fig. 9b. We did not see an EPR signal characteristic of
unbound melanin, giving support to the cross-linking
hypothesis. However, even though cross-linking may
explain the o-syn lateral association seen in the trimers, it
would not be a sufficient explanation for the inhibition of
fibril formation: such cross linking could still lead to fibril
formation, albeit of a different kind. In fact, a prolonged
incubation of o-syn with equimolar amount of DA eventu-
ally led to formation of fibrils (Follmer etal. 2007).
Although their structural parameters were not investigated,
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Fig. 8 A representative
reconstruction of an «-syn:DA
trimer from three models of the
monomer. a i Ab initio models
for monomer restored by
GASBOR. ii Ab initio models
for trimer restored by GASBOR.
iii Plausible model of the trimer
constructed by superimposing
three modified ab initio
monomer’s structures.

b Scattering pattern from
plausible model of trimer shown
on panel (a, iii), computed using
CRYSOL

100 A

B s

log |

+  monomer
o trimer

— scattering curve for
reconstructed trimer

these fibrils were unstable and susceptible to breakage. The
authors hypothesize that fibril degradation to protofibril-
size species may be responsible for cytotoxic effect of DA
and neuronal loss.

The role of DA oxidation in inhibiting fibril formation

The importance of intact N- and C-terminal fragments of
a-syn in modulating fibril formation was indicated by studies
on a-syn truncated forms. Removal of the first 60 residues
caused rapid fibrillisation, albeit with different CD spectral
profile (Rekas et al. unpublished), while naturally occurring
C-terminally truncated species stimulate aggregation of
full-length a-syn (Liu et al. 2005). Qin et al. (2007) used
o-syn mutants lacking C- and N-termini to show that these
were not involved in soluble protofilament formation but
played a key part in the resulting fibril structure. In the case
of DA-treated «-syn, there was evidence that the Met resi-
dues at both the N-terminal (M1, M5) and the C-terminal
(M116, M127) ends of the molecule were oxidised (Leong
et al. 2009a, b), which would markedly increase the polar-
ity of these regions. Such an increase in polarity could
weaken hydrophobic interactions between the ends of the
chains and reduce end-to-end associations in the process of

01 01 02 02 03

a (A7)

fibrillisation. Presumably, the observation that DA and
L-dopa can disaggregate a-syn fibrils (Li et al. 2004) could
be explained by their involvement in oxidation of the Met
residues, again weakening the end-of-chain interactions. It
should be noted that mild hydrogen peroxide treatment also
oxidised the a-syn Met residues (Glaser et al. 2005) and
inhibited fibrillisation (Leong et al. 2009a). In this case, it
was found that the inhibition was proportional to the num-
ber of oxidised residues.

Oligomers and neurotoxicity

There is yet no evidence that a-syn:DA oligomers are toxic
when added to cultures of neuronal cells, in contrast to olig-
omers prepared in other ways (Karpinar et al. 2009; Kim
et al. 2009) and the well-documented toxicity of oligomers
in AD or the prion diseases (Barnham et al. 2006). How-
ever, Ito etal. (2010) suggested that the coexistence of
human «-syn with catecholamine enhanced the endoplas-
mic reticulum stress-related toxicity in PD pathogenesis.
They found that addition of thapsigargin, a sesquiterpene
lactone inhibitor of sarco/endoplasmic reticulum Ca>*
ATPase, to PC12 cells expressing human o-syn increased
the SDS soluble oligomers of o-syn associated with
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melanin

KTEXG repeat, «-syn sequence 2

Fig. 9 Proposed model of interaction of a-syn with DA. a Amino acid
sequence of o-syn, showing the distribution of Lys and Tyr residues
that could react with dopamine-derived quinones. b Cartoon showing
potential quinone interaction with the Lys residues of the KTKXG
imperfect repeats in the N-terminal region of a-syn

catecholamine-quinone. They also found that thapsigargin
increased elF2alpha phosphorylation and nuclear
GADD153/CHOP induction under conditions of o-syn
over-expression. Transgenic PARK 1 mice have been avail-
able for some time (Chesselet 2008) and it would be of
interest to construct these with mutants lacking the Lys and
Tyr residues that might be important in the reaction with
DA and to see if these animals suffered from dopaminergic
neuron loss compared with those over-expressing wild-type
human o-syn.

The major metabolite of the neurotoxic psychostimulant
ethylenedioxymethamphetamine (MDMA, ecstasy) is
the 3,4-dihydroxymethamphetamine derivative (HHMA),
which is easily oxidisable to the orthoquinone species. This
can participate in redox cycling, generating reactive oxygen
species (ROS) and semiquinone radicals which could react
to cross-link «-syn in the manner suggested for DA.
Recently, a unifying theme for the toxicity of other psycho-
stimulants, such as methamphetamine (METH) was pro-
posed based on electron transfer, ROS and oxidative stress
(Kovacic 2005). This would suggest that the current interest
in therapeutic approaches to treating PD and the conse-
quences of exogenous neurotoxic insults by blocking qui-
none formation (Miyazaki and Asanuma 2009) should
include quinone interactions with o-syn.
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