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Description

[0001] The invention relates to mutant alpha-synuclein with increased toxicity compared to wildtype alpha-synuclein.
In particular, the invention relates to a mutant human alpha-synuclein, or a homologue thereof, comprising at least one
amino acid substitution at the alanine at posgition 56 by a proline (ABEF),. The invention also provides polynucleotides
and expression vectors encoding the mutant alpha-synuclein or hemologue thereof as defined in the claims, as well as
cells comprising the polynucleotide or expression vector as defined in the claims. Finally, the invention provides a non-
human animal comprising the mutant alpha-synuclein or homologue therecf as defined in the claims. Such cells and
nan-human animals are particularly useful for identifying substances that might prevent or reduce the toxicity of alpha-
synuclein.

BACKGROUND OF THE INVENTION

[0002] Parkinscn's disease (PD) and several other neurodegenerative diseases are degenerative disorders of the
central nervous system and are both chronic and progressive. The prevalence of PD in Europeans is 1,6% in persons
over 65 years of age, However, more than 10% of the patients are diagnased before the age of 50. In 1980, an estimated
4 million people were suffering from PD. It is characterized by muscle rigidity, tremor, a slowing of physical movement
{bradykinesia) and, in extreme cases, a loss of physical movement {akinesia), The primary symptoms are the results of
decreased stimulation of the motar cortex by the basal ganglia, nermally caused by the insufficient formation and action
of dopaming, which is produced in the dopaminergic neurans of the brain, Secandary symptoms may include high level
cognitive dysfunction and subtle language problems. Typical other symptoms include disorders of mood, behavior,
thinking, and sensation {non-motar symptoms). Patients’ individual symptoms may be quite dissimilar and progression
of the disease is alsa distinctly individual.

[0003] The symptoms of Parkinson’'s disease result from the loss of dopaminergic cells in the region of the substantia
nigra pars compacta. These neurons praject to the striatum and their loss leads to alterations in the activity of the neural
circuits within the basal ganglia that regulate movement, in essence an inhibition of the direct pathway (facilitating
movement) and excitation of the indirect pathway {inhibiting movement). The lack of dopamine results in increased
inhibition of the ventral anterior nucleus of the thalamus, which sends excitatory projections to the motor cortex, thus
leading Lo hypaokinesia.

[0004] The pathological hallmark feature of Parkinson's disease (PD) and several other neurodegenerative disorders
is the deposition of intracytoplasmic neurcnal inclusions termed Lewy bodies. The major component of Lewy bodies are
amyloid fibrils of the prolein alpha-synuclein (alpha-33. Prolecting neurons from the loxicity of alpha-synuclein is a
promising strategy for treating these diseases.

[0005] Related diseases (sometimes called Parkinson-plus diseases) include dementia with Lewy bodies (DLEB). While
idiopathic Parkinson’s disgase patients also have Lewy badies in their brain tissue, the distribution is denser and more
widespread in DLE. Even sa, the relationship between Parkinson disease, Parkinsan disease with dementia {PDD), and
dementia with Lewy bodies (DLE) might be mostaccurately conceptualized as a spectrum, with a discrete area of overlap
between each of the three disorders. The common involvement of alpha-synuclein in diseases such as PD, PRD, multiple
system atrophy and the Lewy body variant of Alzheimer's disease has led to a classification of these disease under the
term synucleinopathies.

[0008] Mutationsaf alpha-3 associaled wilh familial PD {(A30P, A53T, E48K) have anincreased aggregation propensily
in vitro (US 2007/0213253), in agreement with aggregation of alpha-S into fibrillar Lewy bodies in vivo. However, the
role different aggregated alpha-5 species play for neuratoxicity in vive is unclear. Loss of dopaminergic terminals was
observed in lhe presence of non-fibrillar alpha-S inclusians in one line of A53T alpha-3 transgenic mice {(Masliah et al.
Science 287, 1265-1269 {20000, raising the possibility that pre-fibrillar intermediates in the alpha-S aggregation process
may be pathogenic (Lashuel & Lansbury Q Rev Biophys 39, 167-201 (2006)), potentially by pore formation in cell
membranes. However, transgenic mice overexpressing A30P alpha-S failed to exhibit neurodegeneration (Lee et al.
Proc Natl Acad Sci U S A 99, 8068-8973 {2002)}, despite the fact that A30P alpha-S delays conversion of pre-fibrillar
aggregates to fibrils {Conway et al,, supra). Thus, the A30P alpha-3 mice provided it vivo support that pre-fibrillar alpha-
S i not the primary toxic maiety.

[0007] US 2007/0192879 and WO 2008/063779 describe animal models and cell models overexpressing alpha-S.
The anly disclosed mutatians are A30P, AS3T and E48K, which are known to show an increased aggregatian prapensity.
[0008] US 20070213253 disclose several synuclein mutants having aggregation-inhibitary activity. Those mutants
are sUpposed to be capable of inhibiting aggregation of wt alpha-S.

[0009] Also, Koo st al. Biochem. Biophys. Res. Comm. 368, 772-778 (2008) describe substitutions of alpha-synuclein
which exhibit the capability to influence fibril formation of the protein.

[0010] Zhouetal.J.Biol. Chern. 283(15), 9863-2870 (2008) teaches tyrosine to cysteing substitutians in human alpha-
synuclein showing enhanced alpha-synuclein fibril formation and neurotoxicity.
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[0011] WO 00/18917 discloses rapidly aggregating mutant alpha-synuclein, inter alia the triple mutant alpha-synuclein
HS0T/AS3T/ATET.

[0012] Thus, there is a need in the art for alpha-synuclein mutants that can be used in in vive and in vifro screening
assays in order to identify substances that can prevent or reduce the loxicity of alpha-synuclein, which plays a pivotal
rale in the pathology of synucleinopathies,

SUMMARY OF THE INVENTION

[0013] Accordingly, the present invention relates to a mutant human alpha-synuclein with increased toxicity compared
to wild-type alpha-synuclein, or a homologue thereof, wherein the mutant alpha-synuclein or homologue thereof com-
prises at least one amino acid substitution at the alanine at position 58 by proline {AS6P), as defined in the claims.
Further, the invention relates to a polynuclectide encoding the mutant alpha-synuclein or homelogue thereof, or an
expression vector comprising said polynucleotide, a cell comprising the palynuclectide or expression vector, as defined
in the claims. Alsc, a nan-human animal comprising the cell of the invention is provided, as defined in the claims. Finally,
the invention provides methads foridentifying a substance that prevents ar reduces toxicity of alpha-synuclein, as defined
in the claims.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0014] Little is known abautthe pathogenicity and the mechanism of toxicity of aggregated alpha-S species, in particular
in neuronal cells. To address these questions, the inventors generated alpha-3 variants by a structure-based rational
design and tested their biophysical and functional properties with respect to both fibril farmation i vitre and their in vivo
effect on neuranal activity and survival (toxicity) in four different model systems for PD, including both invertebrates
{ Caenorhabditis elegans, [rosophila melanogaster)and mammalian neurons. Surprisingly, itwas found thatthe designed
alpha-8 variants of the invention form soluble oligomers of defined sizes but cause indeed a dramatic delay in fibril
formation. Expreasion of pre-fibrillar alpha-S mutants in animal PD models affects locomotion, sleeping behaviour as
well as the lifespan of the animals, and causes neuronal toxicity.

[0015] The results shown herein provide insights into the rale of multimeric alpha-S species for PD pathogenesis and
establish a tight link between the bicphysical properlies of lhe alpha-S species and lheir function in different in vivo
medels. The newly established toxicity model and animal models for alpha-S species provide a powerful tool for the
identification of potential therapeutic compounds.

[0018] Thus,inafirst aspect, the presenlinvention relates toa mutant alpha-synuclein with increased toxicity compared
o wild-type alpha-synuclein having the amino acid sequence shown in SEQ 1D NO: 1, or a homologue thereaf, wherein
the mutant alpha-synuclein or hemologue thereof comprises at l2ast one aming acid substitution at the alanine at pesition
56 by a proline {A56P), and aptionally a substitution selected from the group consisting of substitutions at the alanine
at pasition 78 (AY6), at the methionine at position 127 {M127} and/or at the valing at position 118 {V118).

[0017] The presentdisclosure contemplates a mutant alpha-synuclein with decreased fibril formation ability compared
to wild-type alpha-synuclein having the amino acid sequence shown in SEQ ID NO: 1, ar a homologue thereof, wherein
the mutant alpha-synuclein or homaologue thereof comprises at least ane amino acid substitution at the alaning at position
56 by a proline {A58P), and optionally a substitution selected fram the group consisting of substitutions at the alanine
al position 76 (A76}, at the methicnine at position 127 (M127) and/or at lhe valine at posilion 118 (V118).

[0018] The present invention further contemplates a mutant alpha-synuclein with increased toxicity and decreased
fibril formation ability compared to wild-type alpha-synuclein having the amino acid sequence shown in SEQ ID NG: 1,
or a homologue thereof, wherein the mulant alpha-synuclein or homelogue thereof comprises at least ane aminge acid
substitution at the alanine at position 56 by a proline (A56F), and optianally a substitution selected from the group
consisting of substitutions at the alanine at position 76 {(A78), at the methionine at peosition 127 {M127) and/or at the
valine at position 118 (V118}.

[0019] The present invention also contemplates a mutant alpha-synuclein with increased toxicity compared to wild-
type alpha-synuclein having the amino acid sequence shown in SEQ 1D NO: 1, ar a homologue thersof, wherein the
mutant alpha-synuclein or homologue thereof comprises an amina acid substitution at the alanine at position 56 by a
proline (AS6P) and at the alanine at position 76 (A7B).

[0020] Also, 2 mutant alpha-gsynuclein with decreased fibril formation ability compared fo wild-type alpha-synuclein
having the amino acid sequence shown in SEQ 1D NO: 1, ar a hoamalague thereof, wherein the mutant alpha-synuclein
or homalogue thereof comprises an amino acid substitution at the alanine at position 58 by a preline (A56F) and optlionally
at the alanine at position 76 (A78) is contemplated.

[0021] In addition, a mutant alpha-synuclein with increased toxicity and decreased fibril formation ability compared to
wild-type alpha-synuclein having the amino acid sequence shown in SEQ ID NO: 1, or 2 hamologue thereof, wherein
the mutant alpha-synuclein or homaologue thereof comprises an amino acid substitution at the alanine at position 56 by
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a proline (AB6P) and optionally at the alanine at position 76 (A76), is contemplated.

[0022] Thus, the mutant alpha-synuclein ar hamologue may camprise an amino acid substitution at the alanine at
positian 56 {or at an amino acid in the corresponding position of the homaologue) of SEQ 1B NO: 1 by a proline. The
mutant alpha-synuclein ar hamologue of the first aspect may further comprise an amino acid substitution at the alanine
at position 76 (ar at an amine acid in the corresponding position of the homologue) of SEQ 1D NG 1.

[0023] In one preferred embodiment of the present invention, the mutant or homologue comprises an aming acid
substitution at the alanine at position 56 by a proline (AS6P) and an amino acid substitution at the alanine at position 76
(A7),

[0024] Alse, the present invention contemplates a mutant alpha-synuclein or a homaologue thereof as defined in the
claims, wherein the mutant alpha-synuclein further comprises a non-conservative amino acid substitution at the methio-
nine at position 127 {M127) and/or the valine at position 118 (V118), preferably wherein the methicnine at position 127
and/or the valine in the position 118& is substituted by alanine (A}, glutamic acid {E), or aspartic acid (D}, more preferably
by alanine (A).

[0025] In addition, a mutant alpha-synuclein or a homologue thereof as defined in the claims with decreased fibril
farmation ability compared to wild-type having the aming acid seguence shown in SEQ D NO: 1, whergin the mutant
alpha-synuclein or hamologue thereof further comprises a non-canservative amino acid substitution at the methianine
at position 127 (M127) and/for the valine at positian 118 (V118), preferably wherein the methionine at position 127 and/or
the valing in the position 118 is substituted by alanine (A), glutamic acid (E}, or aspartic acid (D), more preferably by
alanine (A} is contemplated.

[0026] In one preferred embodiment of the present invention, the mutant or homologue as defined in the claims
comprises a non-conservative amino acid substitution at the methionine at position 127 (M127) and at the valine at
position 118 {V/18).

[0027] It is also contemplated that these substitutions may be combined with any of the other embodiments described
herein.

[0028] A mutant alpha-synuclein according ta the invention relates to a palypeptide having at least 70% amino acid
sequence identity on the amino acid level to SEQ ID NO: 1. Preferably, the mutant alpha-synuclein has at least 71%,
at least 72%, at least 73%, at least 74%, at least 75%. at least 76%, at least 77%, at least 78%, at least 73%, at least
80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least 86%, at least 87%, at least 88%, at
leasl 89%, at least 90%, al leasl 91%, at least 92%, al lzasl 23%, at leasl 94%, at least 959%, al lzast 96%, at leasl 979%,
at least 98%, at least 98,5%, at least 99%, at least 99,5% amino acid sequence identity to SEQ 1D NO: 1.

[0029] The term "mutant” alpha-synuclein implies that at least one single amino acid residue of the alpha-synuclein
meolecule is deleted, inserted, or replaced by another amino acid residue. The techniques of malecular biology to generale
these deletions, insettions of substitutions are well-known in the art. Typically, the mutant alpha-synuclein does not have
100% amino acid sequence identity to SEQ 1D NO: 1. However, there may be cases in which a program used for
calculating sequence identity indicates 100% sequence identity between SEQ ID NC: 1 and another seguence of interest,
even though these two sequences differ by at least one amino acid residue. In those cases, a mutant alpha-synuclein
is present if there is a difference of at least one residue on the amino acid sequence level hetween the sequence of
interest and SEQ 10 NO: 1. Optionally, the mutant alpha-synuclein may be a fusion protein comprising a further protein
component, such as a tag {e.q. for purification), a marker {e.qg. for localization}, or an inoperable part {.g. resulting fram
genetic manipulation) etc.

[0030] A polypeptide has "at least X % idenlity” lo SEQ ID NG: 1 if S3EQ ID NO: 1 is aligned wilh the best malching
sequence of a polypeplide of interest, and the amino acid identity between those two aligned sequences is at least X
%. Such an alignment of amino acid sequences can be performed using, for example, publicly available computer
homology programs such as the "BLAST" program provided en the NCB| homepage at hlip:/www.nc-
bi.nlm.nih.gow/blast/blast. cqi, using the default settings provided therein. Further methods of caleulating sequence identlity
percentages of sets of amino acid sequences or nucleic acid sequences are known in the art. The term "at position X",
always refers to the amino acid numbering according to SEQ 1D NO: 1. An alignment of the amino acid sequence of a
homologue with SEGQ 1D NO: 1 allows determining a corresponding amino acid {residue) in the homaologue, .. the
corresponding amino acid residue(s) in the homologue to the amino acid residue{s) which isfare substituted in SEQ 1D
NO: 1.

[0031] A“homologue” refers to an isaform of the alpha-synuclein of SEQ ID NG: 1 orto an alpha-synuclein of a species
other than human being evolutionary homalogous to the alpha-synuclein of SEQ ID NO: 1. Typically, the homalogue
has at least 70% amino acid sequence identity on the amina acid level to SEQ 1D NO: 1. Preferably, the mutant alpha-
synuclein has at least 71%, at least 72%, at leasgt 73%, at least 74%, at least 75%, al |east 76%, at least 77%, at least
78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least 86%. at
least 87%, at least 88%, at least 89%, at least 90%, at least 819%, at least 92%, at least 93%, at least 84%, at least 95%,
at least 96%, at least 27%, al least 98%, at least 98,5%, al least 99%, al least 99,5% or 100% (but still differing in at
least one amino acid residue, see above) amino acid sequence identity to SEQ ID NC: 1. More preferably, the mutant
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homologue of alpha-synuclein exhibits at least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%,
at least 80%, at least 85%, at least 70%, at least 75%, at least 80%, at least 85%, at least 86%, at least 87%, at least
88%, at least B0%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at
least 979%, at least 98%, at least 98,5%, at least 28%, at least 99,5% or 100% of the toxicity of mutant alpha-synuclein
of SEQ 1D NO: 1, wherein the toxicity can be determined as described below. Examples for homelagues, which are not
intended to be limiting. are the alpha-synuclein of Pan troglodytes (accession number XP_001162416.1), Pan paniscus
{accassion number AAQB5068.1), Gorilla gorila (accession number AAQS5072.1), Enthrocebus palfas {(accession
number AAQB5067.1), Macaca fascicufaris (accession number AAQE5071.1), Macaca mulatfa (accession number
AAQB5074), Pongo abelif (accession number AAQE5070.1Y, Saguinus lablalus (accession number AAQBS5075.1), Sus
scrofa {(accession number NP_001032222 1Y, Lagothrix fagotricha (accession number AAQS85073.1), Afefes geoffroyi
{accession number AAQB5078.1), Canis familiaris {accession number XP_535658.1), Ratius norvegicus {accession
number NP 082042.1), Mus muscutus {accession number NP 001035216), Bos Taurus {accession number
NP_001029213.1), Fguus cabaflus {accession number XP_001496954.1), Gaflus galfus (accession number
NP_990004 .1}, Taeniopygia guitata {accession number NP_001041718.1), Xenopus laevis {accession number
NBE. 001080623.1), and Xenopus fropicalis {accession number NP D01090876.1).

[0032] In addition, the mutant alpha-synuclein or homalogue has an increased toxicity compared to wild-type alpha-
synuclein. The term "toxicity" describes the capability to which the mutant alpha-synuclein is able to damage a cell
{eytotoxicity), an argan (organotoxicity) or a whole organisi, In case the cell which is specifically damaged is a neurenal
cell, in an isolated form or as a part of an ergan or arganism, this type of toxicity is preferably called neurotoxicity. Thus,
the term "toxicity" particularly encampasses the neurotoxicity of mutant alpha-synuclein, To test whether a mutant alpha-
synuclein or homologue has an increased toxicity compared to wild-type alpha-synuclein, in witro and in vivo assays can
be performed.

[0033] For example, for an in vifro assay, 8 W3T assay measuring mitochandrial dehydrogenase activity, can be
performed according to the protocol of the manufacturer {Roche Diagnostics, Catalogue Number 1 844 807). By using
a water-soluble tetrazalium salt (WST) colorimeteric assay for mitochandrial dehydrogenase activity, toxicity of a mutant
alnpha-synuclein or homalogue thereof to wt alpha-eynuclein, each tranasfected into a neuronal cell, can be compared
with a control cell. The WST colorimeteric assay estimates not only the mitochandrial capacity to produce reduced
equivalents but also the decline of mitochandrial activity due to diminished cell numbers. Primary neuronal cells fram
rat embryas at E18 or E16 are transduced by AAY vectors al day 3 (DIV 3) and analysed al DIV 10, An increased loxicily
is evident if the cells transfected with the mutant-alpha-synuclein exhibitless than 20%, 85%, 80%, 75%, 70%, in particular
less than 69%, 68%, 67%, 66%, 65%, 64%, 63%, 62%, 61%, 80%, 59%, 58%, 57%, 56%, 55% mitochandrial dehydro-
genase activily of the wild-type when compared under identical conditions. Alternalively, toxicity may be determined in
vitre by growth impairment of yeast cells transfected with the mutant alpha-synuclein, wild-type alpha-synuclein and a
vecter control, as described in Example 6.

[0034] Also, in vivo methods can be used for determining whether a mutant alpha-synuclein or homologue thereof
has anincreased toxicity compared towild-type. Forexample, transgenic C. efegans expressing wild-type alpha-synuclein
or a mutant may be generated as described by Pitman, J. L., et al. Nature 441, 753-756 (2006). To image dopaminergic
neurons, the animals are anesthetized by 50mM sadium azide in M9 buffer and mounted on a 2% agarose pad. RFP
positive dopaminergic neurans are visualized using a Leica 3P2 confocal microscope system. Neurite defects are scored
positive if one or mare dendritic processes out of four have degenerated. An increased toxicity is evident if less than
80%, 758%, 70%, 65%, 80%, in particular 58%, 56%, 54%, 52%, 0%, 4B%, 46%, 44%, 42%, 40%, 38%, 36%, 34%,
22%, 30%, 28%, 26%, 24%, 22%, 20%, 18%, 16% of the worms expressing the mutant-alpha-synuclein are lacking
neurite defects when compared to the worms expressing wild-type alpha-synuclein under identical conditions.

[0035] Inanoclher preferred embodiment, the mutanl or homologue of the invention may further camprise the substitution
A30P.

[0036] The alanine at position 56 is substituted by & proling residue (P} and the alanine at position 76 may be substituted
by any aminc acid other than alanine, or, in case of a homologue, any amino acid other than the correspanding amino
acid in the homeologue. Preferably the substitution at the alanine at position 76 is & non-conservative substitution, in
particular wherein the alanine at position 76 is substituted by glutamic acid (E), aspartic acid (D), or a proline (P) residue,
preferably by a proline residue.

[0037] A "conservative™ amino acid exchange encompasses a conservative substitution of one residue by one of a
certain set of other residues, such as indicated in the table below. Thus, if an alanine at the position 78 of an alpha-
synuclein molecule of the inventian is substituted by a non-conservative amino acid, Ala is substituted by an amino acid
otharthan Gly, Ser, ar Thr. Preferably, the alanine is substituted by GIu {E), Asp (D}, or Pra (P), and even more preferably,
the alanine is substituted by Pro {(P). Thus preferred substitutions are AS8P, ASBP+ATBE, ABGP+ATED, ASEBP+ATEP,
mare preferred substitutions are ABBP+A7BE, ASGP+AYBD, ABGP+ATEP, and most preferred substitutions are ASGP,
and AS6P+AT7EP.
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[0038] In still another preferred embedimeant, the substitution is a non-conservative substitution or a substitution by
alanine, in particular wherein the methionine at position 127 and/or the valine in the position 118 is substituted by alanine
{A), glutamic acid (E}, or aspartic acid {2}, mare preferably by alanine {A). This means that any of the abave mentioned
substitutions or combination of substitutions, either comprising the substitution A30F or not, may further comprise a
substitution at position M127 and/or V118, i.e. a substitution at position M127, or a substitution at position V118, or a
substitution at position M127 and V118 of SEQ IDNO: 1, or at the corresponding amina acid position(s) of the homologue.
M127 andior V118 may be substituted by any amino acid other than methionine or valing, respectively, or any amino
acid other than the correspanding amino acid in the homalogue. However, preferred substitutions are M1274A, M127E,
M127D, V1184, V118E, V1880, M127A+V118A, M127A+V118E, M127A+V188D, M127E+V118A, M127E+V118E,
M127E+V 118D, M127D+V118A M127D+V1M18E, M1270+V 1180, evenmore preferred substitutions are M127A, V1184,
M127A+V118A, M127A+V118E, M127A+V 118D, M127E+V118A, M127D+V 1184 and most preferred substitutions are
MAZ27A, VI18A, M127A+V118A

[0039] Further preferred substitutions are:

A30P+AS6P+ATEP (also referred to as "TP" in the examples)

ASBP+M127A,  ASGPH+ATGE+M127A,  ASGP+ATED+M127A,  ASBP+A7GP+M127A,  ASGP+ATGE+M127A,
ASBP+ATED+M127A, ADGP+ATEP+M127 A, ASEP+M127A, ASGP+ATGP+M127A,

ASEP+M127E,  ASBP+ATBE+M127E, ASEP+A76D+M127E, ASEP+A76P+M127E,  ASBP+ATBE+M127E,
ASBP+ATEBD+M127E, ASBP+ATEP+M127E, ASBP+M127E, ASBP+ATBP+M127E,

ABBP+M127D, ABGP+ATBE+M127D, ASBP+A7ED+M127D, ASBP+ATEP+M127D, ASBP+A7TBE+M127D,
AS6P+ATBD+M1270, ASBP+A78P+M 1270, AS6P+M127D, AS6P+A76P+M1270,
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ABBP+V118A,  ASGP+A7TBE+V118A,  ABGP+A7GD+V118A,  ABGP+ATBP+V11BA,  ASBP+ATGE+V113A,
ASBP+ATED+V118A, ABEP+A76P+V118A, ABBP+V118A, ASEGP+ATE6P+V118A,

ASBP+V118E, ASGP+A7FBE+V118E, ASGP+ATED+V118E, ALBBP+ATBP+V118E. AS6P+A7GBE+V118E,
ASGP+ATED+V118E, ABGP+AT76P+V118E, ADGP+V118EALGP+ATEP+V118E,

AS6P+V1180, ASBP+ATGE+Y118D, ABGP+A76D+V118D, ASBP+AVEP+V118D, ASBP+A76E+V118D,
AS6P+ATBD+V118D, AS6P+ATGP+V 118D, AS6P+V 118D, ASBP+ATGP+V 118D,

ASBP+M127A+V118A, ASBP+ATGE+M127A+V 118A, ABGP+AT60+M127A+V 118A, AS6P+ATGP+M127A+V118A,
ASBP+ATEE+M127A+V118A, ASEP+ATBD+M127A+V118A, ASEP+ATEP+M127A+V118A, ABEBP+M127A+V118A,
ASBP+ATGP+M127TA+V 118A,

ASBP+M127A+V118E, ASBP+ATEE+M127A+V118E, ASEP+ATED+M127A+V118E, ASBP+ATEP+M127A+V118E,
ABEP+ATEE+M127A+V 118E, ABBP+ATED+M 127A+V118BE, ASEP+ATEP+M127A+V118E, ABBP+M127A+V 118E,
ASBP+ATEP+M127A+V118E,

ASBP+M127A+V 118D, ASBP+ATEE+M 127 A+V 1180, ASEP+ATGD+M127A+V 118D, ASeP+A7EP+M127A+V 118D,
ASBP+ATEE+M127A+V 118D, ASEP+A76D+M127A+V 118D, ASEP+A76P+M127A+V 118D, ASBP+M127A+V 118D,
ASGP+ATEP+M127A+V 118D,

ABGP+M127E+V118A, ASEP+ATGE+M127E+V118A, ASEGP+ATED+M127E+V118A, ASEP+ATGP+M127E+V118A,
ASBP+ATEE+M127E+YV118A, ASEP+ATED+M127E+V118A, ASEP+ATEBP+M127E+V118A, ASGP+M127E+V118A,
ASBP+ATEP+M127E+V118A,

ABBP+M127E+V118E, ABBP+ATEE+M127E+V118E, ASBP+ATED+M127E+V 118E, ASGP+ATEP+M127E+V118E,
ASEP+A7GE+M127E+V118E, ASBP+A7ED+M127E+V118E, ABGP+A7EP+M127E+V118E, ASBP+M127E+V118E,
ABGP+ATBP+M127E+V118E,

ASEP+M127E+V118D, ASGP+ATGE+M127E+V 118D, ASEP+ATED+M127E+V 118D, AS6P+ATEP+M127E+V 1180,
ASEP+ATEE+M127E+V 118D, ASBP+ATED+M127E+V 118D, ABSP+A76P+M127E+V 118D, AS6P+M127E+V118D,
ASBP+ATEP+M127E+V 118D,

ASBP+M1270+V118A, ASBP+ATBE+M127D+V118A, ASBP+ATED+M127D+V118A, ASEP+ATEP+M1270+V 118A,
ASBP+ATEE+M1270+V 1184, ASEP+A760+M127D+V118A, ASEP+ATEP+M127D+V118A, ASBP+M1270+V118A,
ASBP+ATEP+M127D+V 118A,

ASBP+M1270+V118E, AS6P+ATEE+M127D+V118E, ASEP+ATED+M1270+V118E, ASEP+ATEP+M1270+V118E,
ASBP+ATEE+M1270+V 118E, ASBP+A7TED+M127D+V118E, ABBP+ATEP+M127D+V118E, ASEP+M1270+V118E,
ABEP+ATEP+M127D+V118E,

A56P+M127D+V118D, ASBP+ATBE+M127D+V118D, ABBP+A76D+M127D+V118D,
ASGP+ATEP+M127D+V 118D, ABBP+ATEE+M127D+V 118D, ASBP+A7ED+M1270+V 118D,
ASGP+ATBP+M1270+V 118D, AS6P+M127D+V 118D, ASEP+A76P+M127D+V118D,

ASBP+M127A+A30P, ASGP+ATEE+M127A+A30P, ASGP+ATGD+M127A+A30P, ASGP+ATGP+M127A+A30P,
ASBP+ATGE+M127A+A3OP, ASEBP+ATED+M127A+A30P, ASEBP+ATOP+M127A+A30P, ABBP+M127A+A30P,
ASBP+ATEP+M127A+A30P,

ASBP+M127E+A30P, ASBP+A7EE+M127E+A30P, ASBP+ATED+M1Z2TE+A30P, ASBP+AVEP+M127E+A30R,
ASBP+ATEGE+M12TE+ASOP, ASEP+A7ED+M127E+A30P, ASEP+ATEP+M127VE+A30P, ASGP+M127E+A30P,
ABEP+ATEP+M127E+A30P,

ABGP+M127D+A30P, AS6P+A7BE+M127D+A30P, ABBP+ATED+M127D+A30P, AS56P+ATEP+M127D+A30P,
ASBP+ATEE+M127D+A30P, ASBP+ATED+M1270+A30P, AS6P+ATEP+M1270+A30P, ASBP+M127D+A30P,
ABBP+ATEP+M127D+A30P,

AS6P+V118A+A30P, ASGP+ATEBE+V118A+A30P, ASGBP+ATED+V118A+A30P, ASGP+AYEP+V118A+A30P,
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ASEP+ATBE+V11BA+A30P, ASEP+A7ED+V118A+A30F, AS6P+A7EP+V118A+A30P, AS5BP+V11BA+A30P,
ASBP+ATEP+V118A+A30P,

ASBP+V118E+A30P, ASGP+A7BE+V118E+A30P, ASGP+AFED+V118E+A30P, AS5GP+AYE6P+V118E+A30P,
ASGP+ATOE+VT1BE+A20P,  ASGP+A7ED+V118E+A30F, ASGP+A7GP+V118E+A30P, ASGP+V118E+A30P,
ASBP+ATEP+V11BE+A30P,

ASEP+V118D+A30P, ASGP+ATBE+Y118D+A30P, ASBP+A7TGD+V118D+A30P, AS6P+A7G6P+Y118D+A30P,
ASGP+ATBE+V118D+A30P,  ASBP+ATGD+V118D+A30P, AS6P+A7GP+V118D+A30P, AS56GP+Y118D+A30P,
ABBP+ATGP+Y118D+A30P,

ASEP+M127A+V118A+A30P, ASBP+ATEE+M127A+YV118A+A30P, ASEP+AYED+M127A+YV118A+A30P,
ABBP+ATEP+M127A+V11BATA30P, ASBP+ATBE+M127A+V118A+A30P, ABBP+A7TED+M127A+V11BA+A30P,
ASBP+ATEP+M127A+V118A+A30P, ABBP+M12TA+V118A+A30P, ASBP+ATEP+M127A+V118A+A30P,

ASEP+M127A+V118E+A30P, ASGBP+A7EE+M127A+V118E+A30P, ASEP+A78D+M127A+V118E+A30P,
ASGP+ATEP+M127A+V118E+A30F, ASGP+ATGE+M1Z7TA+Y118E+A30P, AS6P+A7TED+M127A+V118E+A30P,
ASGP+ATOP+M127A+V118E+A30P, ASEP+M127A+V118E+A20P, ASBP+A76P+M127A+V118E+A30P,

ASGP+M127A+V118D+A30P, ASBP+ATRE+M127A+V118D+A30P, ASGP+ATED+M127A+V113D+A30P,
ASEP+ATBP+M127A+V118D+A30P, ASGP+ATBE+M127A+V118D+A30P, ASEP+ATED+M127A+V118D+A30P,
ABEP+AT76P+M127A+V118D+A30P, ASEP+IM 127A+V 118D+A30P, ASGP+A76P+M127A+\V118D+A30P,

ASBP+M127E+V118A+A30P, ASBP+ATBE+M127E+V118A+A30P, ASBP+ATED+M127E+V11BA+AZ0P,
ASBP+ATEP+M127E+V118A+A30P, ASGP+A7BE+MI127E+V118A+A30P, ASBP+A7ED+M127E+V118A+A30P,
ABBP+ATEP+M127E+V118A+A30P, ASBP+M127E+V118A+A30P, ASBP+A76P+M127E+V118A+A30P,

ABBP+M127E+V118E+A30P, ABGP+ATGE+M127E+V118E+A3OP, ABEP+ATED+M127E+V118E+A30P,
ASEP+ATEP+M127E+V118E+A30P, ALGP+A7GE+M127E+V118E+A30P, ABSEP+A7ED+M127E+V118E+A30P,
ASEP+ATEP+M127E+V118E+A30F, ASGP+M127E+V118E+A30P, ASBP+ATEP+M127E+V118E+A30P,

ASBP+M127E+V118D+A30P, ASBP+ATBE+M127E+V118D+A30P, ASGP+ATBD+M127E+V118D+A30P,
ASCP+ATOP+M127E+V118D+A30P, AS6P+ATGE+M127E+V118D+A30P, ASGP+A7GD+M127E+V118D+A30P,
ASBP+ATEP+M127E+V118D+A30P, ASBP+M127E+V118D+A30P, ASGP+AYGP+M127E+V118D+A30P,

ASBP+M1270+V118A+A30P, ADBP+ATBE+M127D+V118A+A30P, ASBP+ATED+M127D+V118A+A30P,
ASEP+ATEP+M127D+V118A+AZ0P, ASGP+ATGE+M127D+V118A+A30P, AS6P+ATED+M127D+V118A+A30P,
ASBP+ATEP+M1270+V 118A+A30P, ASBP+M1270+V118A+A30P, ASEP+ATEP+M127D+V118A+A30P,

ASEP+M127D+V118E+A30P, ASBP+A7BE+M127D+V118E+A30P, AS6P+A78D+M127D+V118E+A3CP,
ASBP+ATEP+M1270+V 11BE+A30P, ABBP+ATBE+M1270+V118E+A30P, AS6P+ATED+M127D+V11BE+A30P,
ASGP+ATEP+M127D+V118E+A30P, ASGP+M127D+V118E+A30P, ASGP+ATGP+M127D+V118E+A30P,

ASGP+M1270+V118D+A30P, ASGP+A7BE+M127D+V118D+A30P, ASCP+A76D+M1270+V118D+A30P,
ASGP+ATEP+M1270+V118D+A30P, ASBP+A7EE+M127D+V118D+A30P, AS6P+AT6D+M127D+V118D+A30P,
ASEP+ATGP+M1270+V118D+A30P, ASEP+M1270+V118D+A30P, ASGP+A7GP+M127D+V118D+A30P,

[0040] In addition to the mutation A30P in human alpha synuclein, alsc A53T and E46K are believed to be involved
in the development of Parkinson’s disease (US 2007/0213253).

[0041] Koo etal. Biochem. Biophys. Res. Comm. 368, 772-778 (2008} shows biophysical data substitutions of alpha-
synuclein which exhibit the capability to influence fibril farmation of the protein. In particular substitutions V37P, L38P,
VAOP, VASP, VA9P, V52P, THAP, VB3P, Te4P, N&5P, GB7P, GB8P, ABIP, V7OP, T72P, T75P, T81P, EB3P, ABOP,
AB0OP showed delayed aggregation of the alpha-synuclein protein. Furthermore substitutions T72E, T75K, VY955 and
A78T have been found to delay fibril formalion /s vitro.

[0042] A human alpha-synuclein having a Y 33C substitution was recently shown by Zhou st al. J. Bial. Chem. 283{15),
9863-9870 (2008) ta enhance alpha-synuclein fibril formation and neuratoxicity.

[0043] US 2007/0213253 discloses substitutions in the human alpha-synuclein resulting in mutants with decreased
ability of forming aggregation. In particular, the substitutions AS0F, GIy68T, Glye8Y, AGIT, ABYV, AGIK, V70T, V0P,
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V7OF NTAT, V71K, T72V, T72E, V74T, V77T and V82K are disclosed.

[0044] Mareover, further point mutations which influence fibrillation of alpha-synuclein are known: E13K, Q24K, E35K,
Y304, K45E, V40D, EB1K, VEBES, VBEP, V706, V74D, V74E, V746G, ES3K, Y1250A, Y133A, Y1368A (Harada et al. Biochim.
Biophys. Acta, Epub July 2008; Kumar et al. Biochem. Biaphys. Res. Commun., Epub July 2009; Kog et al. Biochem.
Biophys. Res. Commun. 386(11 165-163 {2009); Ulrih et al. Biochim. Biophys. Acta 1782(10); 581-585 (2008)).
[0045] However, it is considerad highly likely that also other substitutions (e.9. of amino acid positions 53-55, 57-89,
73-75, 77-80) or the introduction of charged residues in the central domain of alpha-synuclein (residues 30 to 100),
which forms the core of the fibrils, may have a negative effect on the fibril formation and/or an increased toxicity.
[0046] Accordingly, in a further preferred embodiment, the mutant or homaolague of the invention may further comprise
at least one of the substitutions E13K, Q24K E35K, ¥37P, L38P, Y39C, Y39A, V40P, V40D, K45E, E468K, V48P, V49PF,
ASOP, VB2P, A53T, TS9P, EB1K, VB3P, T64P, NE5P, VEEE, VBEPR, GETP, GB8P, GE8T, GE8Y, ABOP, AGOT. AGQY,
ABIK, V770G, V70T, VTOP, V70F V71T, V71K, T72P, T72V, T72E, V74D, V74E, V74G, V74T, T75P, T75K, V77T, A78T,
TB1P, VB2K, E83K, E&3P, ABDP, AQ0P, VO5S, Y1254, Y133A, Y136A. Consequently, this means that the mutant or
homologue as defined in the claims comprising at least one amino acid substitution at the alanine at position 56 by a
proline {ASBP), and optionally a substitution selected from the group consisting of a substitution at the alanine at position
76 (A76), at the methionine at pasition 127 (M127) and/or at the valine at position 118 {¥118), either further comprising
the substitution A30F or not, may further comprise al least one of these substitutions in SEQ ID NO: 1 or at the corre-
sponding amino acid residue(s) of the homologue,

[0047] “At least ane substitution™ means that the mutant alpha-synuclein may camprise ane, or two, or three, or four,
ot five, o six, or seven, or gighl, or nine, or ten, or eleven, or twelve, or 13, or 14, or 15, or even more substitutions
selected from the group of substitutions given abave.

[0048] In another preferred embodiment, the mutant or hamalague accarding to the invention may be one, wherein 1
to 40 amino acids of the C-terminal end are deleted. Thus, 1 to 40 amino acids of the residues 100 ta 140 of SEQ ID
NO: 1 may be deleted, preferably a stretch of 1 to 40 amino acids, including residue 140 of SEQ 1D NO: 1. Howsver,
the 1 to 40 amino acids to be deleted may also not be in one stretch and may also not contain residue 140 of SEQ 1D
NO: 1. Preferablyupto 1,2, 3,4, 5,6, 7,8, 9,10, 11, 12,13, 14, 15, 20, 21, 25, 30, or 35 amino acids of the C-terminal
end are deleted.

[0049] Inone preferred embodiment, the mutant ar homalogue of the invention may be one, wherein the fibril farmation
ability of the mulant alpha-synuclein or homelogue is decreased compared lo wild-type alpha-synuclein. Il the fibril
formation ability is decreased compared to the wild-type can be determined using the Thioflavin (ThioT) fluorescence
assay. Briefly, 5l aliquots {100 uM) fram mutant and wild-type alpha-synuclein incubations are withdrawn and added
la 2 ml of 5 WM ThioT in 50 mM Glycine-NaQOH pH 8.2, Fluorescence measurements are carried oul on a spectrofluor-
ometer using 3.5 ml quartz cuvettes with a path length of 1 em. Flusrescence emission spectra are recorded from 465
to 600 nm, using excitation wavelength of 446 nm, an integration time of 0.1 second, and both excitation and emission
bandwidths of 10 nm. Kinetic aggregation traces are generated from time traces of ThioT flucrescence intensity at 482
nm and carrected for free ThioT flucrescence. Aggregation yields are normalized ta the final values and the averaged
data points are fitted to a sigmoidal equation. A decreased fibril formation ability is evident if the lag time is at least 2fold,
5fold, 10fold, 20fold, 50fold, 60fald, 70fold, 80fold, 90fold, 100fold, more preferably 200fold, 300fold, 400fold, 500fold,
600fold, 800fold, 900fald, 1000fald, 10000fold, 10Q000fald higher compared to wild-type alpha-synuclein under identical
conditions. Mast preferably, the mutant alpha-synuclein or homologue has no more fibril formation ability, even though
pre-fibrillar alpha-synuclein complexes may be formed.

[0050] In afurther aspect, the invention relates to a polynucleotide encoding the mutant alpha-synuclein or hamologue
thereofas defined in the claims, or an expression vector comprising said polynucleotide. A polynuclectide can be any
nucleic acid sequence capable of enceding & mutant alpha-synuclein or homologueas defined in the claims, such as
single-stranded or double-stranded DNA, the sense or antisense strand of a DNA molecule, or RNA molecules, and the
like. The person skilled in the art knows how to derive a polynuclectide sequence coding for a pretein and how to isolate
or proaduce such a nucleic acid sequence using, standard technigues of malecular biclogy. Since the polynucleatide
encoding the mutant alpha-synuclein or homologue as defmed in the claims does not encode a naturally occurring
polypeptide (e.g., it encodes a mutated and/or truncated alpha-synuclein or a fusion protein) the respective nucleic acid
coding for the polypeptide may be produced in accordance with standard procedures including well-known methods of
genetic engineering. Further, the palynucleotide sequence may also be adapted ta the codon usage of the host intended
to be transfected with the polynucleotide.

[0051] The polynuclectide of the invention can be included in an expression construct such as a vector, plasmid,
virus/phagemid, artificial chromosome, casmid, and further constructs known to the skilled person in order to provide
far expression of the sequence of the mutant or homologue of the invention. Techniques for modifying nucleic acid
sequences for insertion inta a vector e.g. by utilizing recombinant DNA methads are alsowell-known in the art. Generally,
an expression vector comprises the polynucleotide to be expressed, which is operably linked to one or more control
seguences (e.g., promoter, transcriptional stop signal, translational stop signal, etc.) capable of directing the expression
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of the polypeptide in the desired host cell, The pramoter can be an inducible or constitulive, general or cell specific
promaoter. Preferred examples of cell specific promaoters are the dat-1 pramater fragment of the dopamine iransparter
gene core promoter and the human synapsin-1 gene promater, The selection of pramoters, vectors and other elements
is a matter of routine design within the level of ardinary skill in the art and many different such control sequences are
described in the literature and available through commercial suppliers, Generally, the cheice of the vectar will typically
depend on the choice of the host cell into which the vector will be introduced. Preferred expression vectors for use in
the present invention are the pT7-7, the C. elegans expression vector pPD115.62, the GAL4-responsive pUAST ex-
pression vector, and the AAV-1/2 mosaic serotype viral vector or derivatives thereof.

[0052] In a further aspect, the inventian relates 1o a cell as defined in the claims comprising the polynucleotide or
expression vector described above.

[0053] The palynucleotide or expression vector may be introduced into cells by various ways, e.g., using a virus as a
carrier ar by fransfection including e.g. by chemical transfectants {such as Metafectene, Lipafectamine, Fugene, sic.),
electroporation, calcium phosphate co-precipitation and direct diffusion of DNA. Suitable transfection techniques are
known to the skilled persan and the methad of choice will vary depending on the host cell to be transfected. Transfection
of a cell may yield stable cells or cell lines, if the transfected polynucleotide or expression vector is integrated into the
gename, or by using episomal replicating plasmids, i.e. that the inheritance of the extrachromasomal plasmid is controlled
by cantrol elements that are integrated inte the cell genome. In addition, unstable (transient) cells or cell lines, wherein
the transfected DNA exists in an extrachromasomal form can be produced.

[0054] The expression vector may further comprise a selectable marker, which provides for positive selection of
trangfected cells, i.e. transfected cells exhibit resistance to the selection and are able to grow, wheraas non-transfected
cells generally die. Examples of selective markers include puromyein, zeocin, neomycin (neo) and hygromycein B, which
canfer resistance to puromycein, zeocin, aminoglycoside G-418 and hygromycin, respectively. However, other selection
methads known to the skilled person may also be suitable.

[0055] The cell may be maintained and cultured at an appropriate temperature and gas mixture {typically, 37°C, 5%
COy), optionally in a cell incubator as known to the skilled person. Culture conditions may vary for each cell type, and
variation of conditions for a particular cell type can result in different phenotypes. Furthermore, recipes for growth media
can vary in pH, glucase cancentration, growth factors and the presence of further suitable nutrient companents. Growth
media are commercially available, or can be prepared according to compositions, which are for example obiainable from
lhe American Tissue Cullure Collection {ATCC). Growlh factars used for supplement media are often derived from animal
hlood such as calf serum, but also other probably cell specific growth factors may be enclosed. Additianally, antibiotics
may be added to the growth media to prevent undesired microbial growth. More specifically, cell culturing is further
exemplified in the Examples section.

[0056] In general, the cell may be any Kind of cell. For the axpression and purificatian of the mutant ar homeologue of
the invention, a prokaryctic cell may be used, such as the E. coli strain BL21. However, for other purposes, including
the methods described herein, a eukaryotic cell or cell line may be used. Cell lines which may be used in the invention
are commercially available from culture collection such as the ATCC ar fram ather commercial suppliers.

[0057] Ingeneral, the cell may exogenously express the mutant alpha-synuclein, i.e. the polynuclestide or expression
vector encoding the mutant alpha-synuclein or hamologue as defined in the claims has been introduced into the cell.
Thus, the mutant-alpha-synuclein or homologue accarding to the invention may be derived from the same species or a
different one than the cell. Optionally, a cell may endogenously express alpha-synuclein accarding to SEQ 1D NO: 1, or
a hamologue thereof as defined above, i.e. the alpha-synuclein homalague is naturally expressed in the cell. In thal
case the cell may be oblained by genetic engineering of the endogenous gene expressing wild-type alpha-synuclein.
[0058] In a preferred embodiment, the cell is a yeast cell or an invertebrate cell, preferably a cell of C. efegans or D,
melanogaster, ar wherein the cell is a vertebrate cell, preferably a mammalian cell, more preferably a mouse, a rat, or
a primate cell, in particular a non-human embryonic stem cell.

[0059] Dopaminergic neuronal cells are neurons whose primary neurctransmitter is dopamine, which has many func-
tions in the brain, including important roles in behavior and cognition, motor activity, motivation and reward, inhibition of
pralactin production {involved in lactation}, sleep, mood, attention, and learning. Dopaminergic neuronal cells are mainly
present in the ventral tegmental area of the midbrain, substantia nigra pars compacta, and arcuate nucleus of the
hypothalamus. As indicated above, symptoms of Parkinson’s disease result from the loss of dopaminergic cells in the
region of the substantia nigra pars compacta. Their loss leads to alterations in the activity of the neural circuits within
the basal ganglia that regulate movement. In general, it is considered that symptoms appear when 80% of these neurons
are lost leading to a hypakinetic movement disorder. Accardingly, in ancther preferred embadiment, the cell according
1o the invention is a dopaminergic neuronal cell.

[0060] In a further aspact, the invention provides a non-human animal as defined in the claims comprising the call
according to the invention, wherein the non-human animal is an invertebrate, preferably C. elegans, ar ). melanogaster,
or wherein the non-human animal is a vertebrate, preferably a mammal, more preferably a mouse, a rat, ora primate.
[0061] Alse, a non-human animal comprising the cell according to the invention, wherein the non-human animal is an
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invertebrate, preferably C. efegans, or 0. mefanogaster, ar wherein the non-human animal is a mammal is contemplated.
Mare specifically, the invention contemplates a nan-human animal comprising a dopamingargic neuronal cell according
to the invention.

[0082] In general, the non-human animal may be any animal other than a human. However, some model organisms,
which may preferably be used in the invention, have gained particular attention in research, Among inveriebrates, these
are Caenorhabditis efegans, Arbacia punciulata, Ciona intestinalis, Drosophifa, usually the species Drosophifa mefa-
nhogastar, Euprynina scolopes. Hydra, Loligo pealel, Pristionchus pacificus, Strongylocentrolus purpuratus, Symsagit-
tifera roscoffensis, and Tribolium castansum. Among vertebrates, these are several radent species such as guinea pig
{Cavia porceflus), hamster, mouse (Mus muscutus), and rat (Ratfus norvegicus), aswell as other species such as chicken
{Gallus gallus domesticus), cat (Felis caitus), dog (Canis lupus familiaris), Lamprey, Japanese ricefish (Oryzias latipes),
Rhesus macaque, Sigmodon hispidus, zebra finch (Taenfopygia gultata), pufferfish { Takifugu rubripres), african clawed
fraog{Xenopus laswis), and zebrafish { Danio rerio). Among vertebrates, mammals are particularly preferred. Alsoc preferred
are non-human primates, i.e. all species of animals under the arder Primates that are nat a member of the genus Homa,
for example rhesus macague, chimpanzee, baboon, marmoset, and green monkey. However, these examples are not
intended to limit the scope of the invention. It is noted that those animals are excluded, which are not likely to yield in
substantial medical benefit to man or animal and which are therefore not subject to patentability under the respective
patent law or jurisdiction. Moreover, the skilled person will take appropriate measures, as e.q. laid down in international
guidelines of animal welfare, 1o ensure that the substantial medical benefit to man or animal will outweigh any animal
suffering.

[0063] Such a non-human animal may sarve as a model system for synucleinopathies (sometimes also named alpha-
synucleinapathies), such as dementia with Lewy bodies (DLB), Parkinson disease, Parkinscn’s disease with dementia
{PDD), multiple system atrophy and the Lewy body variant of Alzheimer’s disease. Thus, synucleinopathies deseribe a
group of diseases which have all a common involvement of alpha-synuclein.

[0064] 1n a further aspect, the invention pravides a method for identifying a substance that prevents or reduces toxicity
of alpha-synuclein to a test cell as defined in the claims, the method comprising:

{a} culturing the cell according to the invention;
{b) conlacting the cell with a lest subslance; and

{c) comparing the cell viability of the cell subjected to step (b} with the cell viability of a corresponding cell subjected
lo slep (), but not step (b);

wherein an increase in the cell viability of the cell subjected to step (b) compared to the cell viahility of a corresponding
cell subjected to step (a), but not step {b), is indicative of the capability of the substance to prevent or reduce toxicity of
alpha-synuclein.

[0065] The test substance may be provided in the form of a chemical compound library including a plurality of chemical
compounds which have been assembled fram any of multiple sources, such as chemically synthesized malecules and
natural products, or have been generated by combinatorial chemistry techniques. They may have a commaon particular
structure or may be compounds of a particular creature such as an animal. In the context with the present inventian the
lest substance may comprise small molecules, proteins ar peplides.

[0066] The cell viability may be determined as described above using the water-scluble tetrazolium salt (WST) calo-
rimeteric assay for determining mitochondrial dehydrogenase activity according to the protacol of the manufacturer.
There are cther assays known in lhe art, which are also commercially available as kits for delermining the cell viabilily,
such as kits comprising a fluorescence-dye labelled anti Annexin V antibody {(abcam, BD, BIOMOL). Specifically lale
apoptatic cells may be detected by adding ethidium bromide to a sample of the cells following flow cytrometric analysis.
Furthermore, cell proliferation, which is another marker of cell viability, may be determined by an XTT assay (Roche).
The person skilled in the art will know which assay to choose depending on the cell which is applied in the methed of
the invention.

[0067] In the context of the present invention, the cell viability of the cell subjected to step {z), but not step (b) of less
than 90%, less than 80%, less than 70%, in particular less than 65%, less than 60%, less than 55%, less than 50%, less
than 45%, less than 40%, less than 35%, less than 30%, less than 25%, less than 20%, less than 15%, less than 10%,
or less than 5% in comparison ta the cell which has been subjected to step {(a) and (b} is indicative for an increase in
the cell viability.

[0068] Further, the invention provides a method far identifying a substance that prevents or reduces toxicity of alpha-
synucleinto a test animal as defined in the claims, the method comprising:

{a) providing a non-human animal according to the invention to which a test substance has been administrated ; and
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{b} camparing the result of a suitable test selected from the group consisting of tests for the locomotion, sleeping
behaviar, circadian rhythm, behaviar, lifespan, retinal degeneration and /or the neuronal degeneration for the nan-
human animal subjected to step {a) with the result of the same test for a correspanding nan-human animal to which
no test substance has been administrated,

wherein a difference in the result is indicative of the capability of the substance to prevent or reduce toxicity of alpha-
synuclein.

[0069] The skilled person will know which test is suitable, depending on the choice of the non-human animal.

[0070] ltiswell-known inthe artthat synucleinepathies affect the locomaotian. Thus, one suitable test to identify whether
a substance is capable to prevent or reduce toxicity of alpha-synuclein is a test for the locomotion. The tests will vary
depending on the choeice of the non-human animal. For example, if the non-human animal was a fly, such as Drosophifa
melanogaster, one suitable well-known test would be the climbing assay. In this assay the flies to be tested are placed
in an apparatus in a black case, containing a battom vial and an inverted upper vial, wherein they are assayed far their
ability to reach the upper vial from the bottom vial in twenty seconds. Since flies generally get attracted towards light, a
light sourge is provided at the top of upper vial with the help of twa light emitting dicdes. This type of set up provides a
directianality and mativation for the flies to climb up. Other tests for the locamotion of an animal are known in the art.
[0071] Ifthe nen-human animal(s) subjected to step (a) has have an improved locometion compared to the non-human
animal(s) subjected to step (a), buttowhich no test substance has been administrated, this is indicative for the capability
of the substance to prevent or reduce toxicity of alpha-synuclein. In the context of the abave example af a test for
laeomation, a higher percentage of the flies subjected to step (a) which exhibit the ability to reach the upper vial in twenly
seconds compared to the flies which have been subjected to step (a). but to which no test substance has been admin-
istrated, under the same conditions is indicative for an impraved lacomeotion.

[0072] Other symptoms of synucleinopathies, such as Parkinson's disease, are sleep disturbances, characterized by
excessive daytime somnolescence, initial, intermediate, and terminal insomnia, and disturbances in REM sleep. Som-
nolescence describes a state of near-sleep, a strong desire for sleep, or sleeping for unusually long periads. It has two
dietinct meanings, referring both ta the usual state preceding falling asleep, and the chronic condition referring to being
in that state independent of a circadian rhythm. Thus, tesis for circadian rhythm are closely related to tests for sleeping
behavicur and may be tested in the same way. Insomnia is a symptam of a sleeping disorder characterized by persistent
difficulty falling asleep or staying asleep despile Lhe opportunity and is typically lallowed by funclional impairmenl while
awake.

[0073] Thus, ane suitable test to identify whether a substance is capable to prevent or reduce toxicity of alpha-synuclein
is a lest for the sleeping behavior or circadian rhythm. Again, lests will vary and the skilled person will know which test
o apply, depending on the choice of the non-human animal. For example, if the non-human animal was a fly, such as
Drosophita melanogaster, one suitable test would be a sleep assay. Briefly, fly embryos are collected in 2 hour window
periods, and are grown under LD 12:12 at 25 °C before the eclosion. Males are collected from the progeny and aged
with equal populatian density under LD 12:12 at 25 °C. After 25-30 days, locomaotor activity of the aged flies is recorded
in LD by the Drosophila Activity Monitoring {DAM) system (Trikinetics, Waltham, MA) as described in (Hendricks et al.
Nat Neurosci 4, 1108-15 {2001)). Sleep is measured as bouts of 5 min of inactivity, using a maving window af 1 min
intervals. Average bout length {ABL) is calculated from the sum of sleep bouts of all lengths (in minutes) divided by the
tatal number of sleep bouts. Furthermors, an activity index can be calculated by dividing total daily activity by the total
wake time of the flies subjected to step (b) and the flies subjected tc step {(a), but not step {b).

[0074] If the non-human animal(s) subjected to step (b) has/have decreased sleep disturbances compared to the non-
human animal(s) subjected to step {a) but not step (b}, this is indicative for the capability of the substance to prevent or
reduce toxicity of alpha-synuclein. In the cantext of the above example of a tesl for sleeping behavicr, a langer sleep or
a decreased activity index of the flies subjected 10 step {b) compared to the flies which have been subjected to step (a)
but not step (b}, under the same conditions is indicative for decreased sleep disturbances.

[0075] Other suitable tests to identify whether a substance is capable to prevent or reduce toxicity of alpha-synuclein
are tests commonly referred to as tests for behavior. Examples for tests for behavior encompass tests for cognition {e.q.,
voluntary and involuntary moter responses), tests for memory (e.q., short-term memory, procedural memaory}, and social
tests. However, many other tests for behavior are known in the art as well. Also, tests will vary and the skilled person
will know which test to apply. depending on the choice of the non-human animal. For example, if the non-human animal
was a nematode, such as €. elegans, ane suitable test would be an assay far the response to the presence of food.
Typically, healthy animals will slow down their mavement in order to feed more efficiently as a dopamine-cantrolled
behavior. Therefore, this behavior allows to directly assess the functional integrity of dopaminergicneuronsin C. efagans.
For behavioral analysis wellfed adult animals are transferred to the center of an assay plate with or without food as
described previously {Brenner, 3. Genetics 77, 71-94 (1874)). After an initial time of adjustment for & min the movement
was assayed by counting body bends over a one min interval with three repetitions per animal. The slowing rate was
caleulated and defined as the percentage of locomotion on food as campared to the locometion on lates without feod.
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[0078] If the nan-human animal(s} subjected ta step (a) show{s) a more similar behavior compared to healthy animals
in camparisan to the non-human animal{s) subjected to step {a) but to which no test substance has been administrated,
this is indicative for the capahility of the substance to prevent or reduce toxicity of alpha-synuclein. In the context of the
above example of a test for behavior, a higher percentage of worms that slow down locomotion of the warms subjected
o step (2) compared Lo the worms which have been subjected to step (a) but Lo which na test substance has been
administrated. under the same conditions is indicative for a more similar behavior compared to healthy animals.
[0077] Tests for lifespan are well known to the skilled person and comprise all kKind of technigues for determining the
lifetime of an animal starting from birth or hatching (optionally also eclasion) and ending with the death of the non-human
animal.

[0078] Tests for determining retinal degeneration are well known in the art, and the skilled person will know how to
choose a suitable test.

[0D79] Finally. the invention provides a method for identifying a substance that prevents or reduces toxicity of alpha-
synuclein to a test animal as defined in the claims, the method comprising:

{a) providing a non-human animal according to the invention and subjecting said non-human animal to a suitable
test selected from the group consisting of tests for the locomotion, sleeping behaviar, circadian rhythm, behavior,
retinal degeneration and for the neuronal degeneration;

() subjecting the animal to the same test after a test substance has been administrated; and

{c) comparing the result obtained in step (b) with the result obtained in step (a);

wherein a difference in the result of said test for step (@) in comparison to step (b) is indicative.
DESCRIPTION OF THE FIGURES
[0080]

Figure 1. Structure-based design of alpha-8& mutants.

A, Functional domains of alpha-3. Familial mutants (E46K, AB3T, A56P) and design mutants (A30P, A76F) are
labeled along the sequence. Regians involved in bela-sheel formalion in the fibril are marked (purple). B, Super-
imposed contour plots af the H-15N HSQC spectra of wt (black) and TP (red) alpha-S in the free state at 15 °C.
Affected resonances are labeled. Mutated residues are shown in red. €, Circular dichroism spectra of ASGP alpha-
3 {yellow), TP alpha-3 (red) and wt alpha-3 (black} in solution {top panel) and in the presence of sodium dedecyl
sulfate micelles (hottom panell. Mutations do not strongly change the overall secandary structure of alpha-3 in the
two states. D, Diffusion properties of ASGP alpha-S (circles), TP alpha-3 {long dashes) and wi alpha-S (black short
dashes) as observed by NMR signal decays in pulsed field gradient measurements at 15 "C. 1,4-dioxane {dark
blue) was used as internal standard. The fact that the diffusion properties are not substantially different in wf and
mutant alpha-S indicate that the overall shape averaged over the ensemble of conformations is not changed by the
mutatians.

Figure 2. Point mutations delay formation of amyloid fibrils of alpha-S.

A, Fibril formatian of wf alpha-3 (black), AP alpha-$ (vellow) and TP alpha-3 {red) followed by Thioflavin T
fluorescence. B, Consumption of monomeric wt alpha-5 (black), A53T (cyan) A30P alpha-3 (purple), AS6P alpha-
S {yellow) and TP alpha-S {red) monitared by 1D TH NMR spectroscopy. Drop in signal intensity is due to foermation
of higher molecular weighl aggregates not detectable by sclution-stale NMR. Errors were estimated from lhree
independent aggregation assays. C, Dynamic light scattering of AS6F alpha-S {vellow) and TP alpha-3 (red). Dala
presented here are a representative of 30 acquisitions. B, Pre-fibrillar aggregates of TP alpha-5 seed fibril formation
of wi alpha-S. In an eguimolar mixture of pre-aggregated TP alpha-3 with monomeric wf alpha-3 the lag time of
aggregation is decreased (light blue) when compared to wt monomer alone (black), whereas in an equimolar mixture
of monomeric TP alpha-S and monomeric wit protein the lag time is increased (dark blue). Aggregation behaviour
of TP alpha-8 alone is shown in red. Error bars in A&, B and D represent mean * standard deviation of three
independent experiments. E, Recognition of a mixture of aligomers and monamers of TP alpha-5 {O/M) but not
manomeric TP alpha-S (M) on nitrocellulose maembrane by the A11 antibody. Anti- alpha-5 antibody shows com-
parable attachment to both manomer and aligomer. F, Aggregate formation and toxicity in HEK293T cells: alpha-$
aggregation was vigualized by adding the six amino acids of a PDZ binding domain to the C-terminus and coex-
pressing the carresponding PDZ domain fused ta EGFP {cirl, PDZ-EGFP alone). Cells with more than ane aggregate
{"aggregation”, left axis, clear bars) and preapoptotic cells (™oxicity", right axis, hached bars) were counted 24h
after transfection. Bars represent percentages of all EGFP-positive cells {mean ' SEM, n= 5 independent experi-
ments). Significances are depicted with respect to cirl{n.s., not significant; **, p<0.01, One-way ANOVA and Dunnet’s
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posthoc test). G Fibril formatian of wt alpha-3 (black), A30P {(purple), AS3T (blue), AS6P alpha-5 (yellow) and TP
alpha-S{red, also shown in Inset A at a different scale) followed by Thioflavin T (ThT) fluorescence emission intensity.
Inset B demonstrates ThT intensity values of all but TP variants, each of them normalized by the maximal value
observed along their aggregation reaction.

Figure 3. Structure-based design mutants of alpha-S cause movement disorders, sleep impairment and
reduced life span of C. elegans and Drosophifa.

A, ‘Basal slowing response’ of L. elegans expressing different alpha-S variants in dopaminergic neurons. For each
alpha-S variant expressed at least twa independent transgenic lines were tested (n=40-50 animals per trail, 3 trails).
The slowing rate corresponds to the average decrease in movement {body bends/min) for animals placed in food
as compared to animals without food. Animals expressing only EGFP indopaminergic neurons are shown as control.
The errar bar correspand to the standard errar of the mean {SEM) and the significance values of the ANOVA test
are indicated: * p<0,05; ** p<0,01; ™* p<0,001. B, Climbing assay on flies with corespanding genotypes. Climbing
index, percentage of 25-30 day old flies that could reach the top chamber in a fixed amount of time {n= 35-50 for
each group). C, Survival curves of flies expressing different variants of alpha-8 and LacZ. A5BP alpha-S and TP
alpha-5 curves are significantly different fraom wt alpha-3 {Logrank Test P < 0.0217 for wif alpha-3 versus AGGP
alpha-S, and P < 0.0001 for wfalpha-S and TP alpha-3. n = 350-400 for each genaotype). D) Averaged sleep profiles
of wt alpha-3 (black), ASCP alpha-S (yellow) and TP alpha-S {red) (shading represents lights off). E} Changes in
the average length of sleep bouts (n= 40-30 for each genotype). Where errors are shown, they are s.e.m. Significance
was determined by ong-way analysis of variance followed by Dunnett's Multiple Comparison test, *P < 0.05; "P <
0.01; n.s. nen significant in comparison with wt alpha-S, P> 0.05.

Figure 4. Neurotoxicity of structure-based design mutants of «8 in mammalian neurons, C. efegans and
Drosophila.

(A) Structure-based design variants in rat primary neurons. Left panel: W3T assay of cortical neurons transduced
by AAV-EGFP, AAV-alpha-5-wi, AAV-alpha-5-A30P, AAV-alpha-8-A53T, AAV-alpha-5-A56P and AAVY-alpha-S-
TP, respectively. Mitochondrial dehydrogenase activity measured after transduction with respective alpha-3 mutants
is shown as percentage of activity measured after AAV-EGFP transduction {n = 30). Middle panel; Neuronal cell
loss quanlified by NeuN immunacytechemistry. Numbers of NeuN immunoreactive cells counted after transduction
with respective alpha-8 mutants is shown as percentage of numbers caunted after AAV-EGFP transduction (n =
15}, Right panel: Degeneration of dapaminergic midbrain neurans quantified by TH immunocytochemistry. Numbers
of TH immunoreaclive cells counted after transduction wilh respective alpha-S mutanls is shown as percentage of
numbets counted after AAV-EGFP transduction (n = 12), Data are shown as mean +/- SEM. In all cases significance
was determined by cne-way ANOVA analysis of variance followed by Dunnett's posthoc test *P < 0.05; **FP < 0.01.
(B} C. efegans expressing red fluorescent protein mCherry and wf alpha-S (upper left panel} or TP alpha-S (lower
left panel) in the cephalic {CEP) and anterior deirid {ADE} dopaminergic neurans in the head. Right panel. degen-
eration of dendritic processes induced by expression of uS in dopaminergic neurens. Two independent transgenic
lines are shown per alpha-S variant and 78-80 animals we analyzed per line. {C) Whaole-mount immunostaining of
fly brains. Images are maximum projectians of several confacal sections in the z-plane. {0} Quantitative analysis of
dopaminergic neuran numbers in the dorsomedial {DM) and dorsolateral (BL) cluster in brains of 2 day (voung) and
29 day (adult) old flies. VYalues represent mean +/- SEM. Aslerisks indicate that the difference in dopaminergic
neuron numbers was statistically significant. For 2 day old flies, no statistically significant difference was observed
in numbers of dopaminergic neurans. Expression levels of different alpha-8 variants were comparable (Figure 23).

Figure 5. Monomeric forms of design variants of alpha-$ remain disordered in solution.

(A} Superimposed contour plots of the JH-15N HSQC spectra of manameric wi {black), AS6P (vellow) and TP (red)
alpha-3 in solution at 15°C. Influenced resonances are labeled. Mutated residues are marked (red). (B) Mean
weighted “H-13N chemical shift differences between wt and ASGP alpha-S (yellow) and between wf and TP alpha-
S (red) in the free State (calculated from [(A5 JH)2 + (A5 YSNYZ25]"2) 1 2]).

Figure 6. Dasign mutations do not prohibit the interaction of alpha-S with negatively charged 5DS micelles.
TH-15N HSQC spectra of free wi (A), ASEP (B) and TP {C) alpha-5. "H-15N HSQC spectra of wt (D), AS6P (E) and
TF {F) alpha-S in the presence of 3DS micelles at 40 °C and pH 7.4. An increase in resonance dispersion with
raspect {o free spectra is observed upon addition of the micelles for all three variants,

Figure 7. Electron microscopy analysis of the aggregation of wt, A56P and TP alpha-S.

Electron micrographs shown are represantative pictures for triplicates. Scale bars correspond Lo 200 nm, except wi
alpha-S 56h and TP alpha-3 21h, where they correspond to 500 nm and 100 nm, respectively, Oligemers were
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observed in all three samples early on in the aggregation pracess. Mature fibrils were chserved after about 50 b for
wi alpha-3, after about 100 h for ASEP alpha-3 and no traces of mature fibrils were detected for TP alpha-3in a
period of two weeks. Total protein cancentration in each sample was 100 pM.

Figure 8. Morphology of soluble oligomers formed by alpha-$ variants.

{A) Electron micrographs of scluble oligomers formed by alpha-S variants. The protein concentration was 100 uM
and samples were aggregated for 12 b at 37 °C and 200 rpm. Scale bars correspond to 200 nm. {B) Dynamic light
scaltering of alpha-3 variants. Data presented here are a representative of 30 acquisitions of 10 5.

Figure 9. Thioflavin T measurements of the alpha-5 variants.
From leftto right: Wt (black), A30P {purple), ASEP (yellow), A7 (green), A30PASBP (blue), A3CPA7EP {magenta).

Figure 10. High Resolution solid-state NMR of late stage aggregates formed by alpha-5 variants.

(A} Water accessibility of aggregates as prabed by solid-state NMR. A 3 ms Gaussian pulse and a T, filter cantaining
two delays of 1 ms were used for selective water excitation. The cross palarization contact time was set to 700 ps.
(B} Superposition of 2D13CH3C correlation spectra of U-[12C,18N] A56P alpha-3 (yellow) and of wt alpha-S {black).
Carrelations absent in the AS6P muiant are underlined. Assignments correspond to values obtained for the A form
of Wt alpha-S as reported in {Heise et al., 2005}, (€) Superposition of 2D13C/13C correlation spectra of U-[13C,13N]
AS56P alpha-S (yellow) and of U-['3C,15N] TP alpha-& (red). In {B) and (C), homanuclear mixing was achieved using
a proton driven spin diffusion time of 20 me (AS6P) and 50 ms (TP), respectively. (D) 2D TH/13C TH-T,-filtered
HETCOR spectrum of ABBP alpha-S. The spectrum was recorded at a magneticfield strength of 14 T, with a spinning
speed of 8.33 kHz, at a sample temperature of 0 °C. The T, filter delay was 2x175 ps, the contact time was 3 ms.
The spectrum was recarded without homanuclear decoupling during ty, 160 t; increments and 128 scans per slice.
{E} ssNMR-based secondary structure analysis for wf and mutant alpha-5. Row 1 and 2 correspond to wf data
reported previously (Heise et al., 2005). Hashed rectangles relate to protein regions in which beta-strands are lost
compared to wf alpha-5 or, in the case of TP, exhibit strong dynamics/discrder. Arrows relate to beta -strands that
are preserved in ASEP. Mutation sites are indicated by rectangular boxes, suggesting that A « P mutation leads to
partial (ABBP) ar almost complete (TP) suppression of beta -strand formation in alpha-3.

Figure 11. Targeting alpha-§ variants to an identical genomic location ensures comparable expression
levels in transgenics.

A, Schemalic represenlation of the Drosophifa transgenesis based on ¢-C31 mediated recombination. B, In all
transgenic animals expressing alpha-S mutants {lanes 3.4,5,6), single fly PCR using a alpha-S forward primer and
a genomic reverse primer {depicted in a - genomic DNA after the integration event) shows that integration has
indeed occurred at the desired attP landing site in the 3R-86F b genomicregion. As cantrols, flies carrying an empty-
attP landing site at 3R-86FL {lane 2} and flies carrying lacZ insertion at the same location {lane 7) were used.

Figure 12. Sleep profile of 25-30 day old flies.
expressing a, wi alpha-S (black) and lacZ control flies {blug} b, wi alpha-5 {black), A53T alpha-8 {cyan) and A5EP
alpha-§ {yellow) under the ddc-GAL4 driver.

Figure 13. Total sleep and total activity of flies expressing alpha-S variants.

a, Total sleep per day in flies expressing wi alpha-3 (black), TP alpha-8 (red), A56F alpha-3 (yellow), A53T alpha-
S {green) and lacZ control (blue). Dilferences in lotal sleep belween llies expressing alpha-$ mulants are nol
significant according to one-way ANOVA analysis {P >0.05). b, Activity index of alpha-3 variants. The "Activity Index’
was calculated by dividing total daily activity (number of beam crossings per day) by the total wake time for each
genotype. According to one-way ANOVA analysis (P>0.03) followed by the Tukey’'s multiple comparison test differ-
ences are not significant; n = 30-40 per genotype.

Figure 14. alpha-Synuclein mutated in the C-terminus remains disordered.
TH-15N HSQC nuclear magneticresanance spectrum of M127 A alpha-synuclein in solution. Resonance assignments
are indicated.

Flgure 15. Toxlclty assay using C-terminal mutants of alpha-synucleln in yeast.

Yeast cells were inoculated to an OD800 of 0.1 and incubated under alpha-synuclein inducing conditions {(SC-ura
{ Galactose). Toxicity of the various alpha-synuclein mutants can be judged by the growth impairment compared to
veclor control.
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Figure 16. Movement disorder and neurotoxicity induced by design mutants of alpha-synuclein in C. efegans.
A, 'Basal slowing respanse’ of C. efegans expressing different alpha-synuclein variants in dopaminergic neurons.
For each alpha-synuclein variant expressed at least two independent transgenic lines were tesied (n=40-50 animals
per trail}. The slowing rate corresponds to the average decrease in movement (bady bends/min) for animals placed
in food as compared to animals without food. Animals exprassing anly EGFP in dopaminergic neurons are shown
as contral.

B, Degeneration of dendritic processes induced by expression of alpha-synuclein in dopaminergic neurans. Two
independent transgenic lines are show per alpha-synuclein variant and 78-30 animals were analyzed per line.

Figure 17. Enhanced formation of soluble oligomers by «S variants.

(A) Electron micrograph of TP alpha-5 solution in 50 mM HEPES, 100 mM NaCl, pH 7.4, 0.01% NaN3, incubated
for 6 days at 37 “C while stirred at 200 rpm. The protein concentration was 0.8 mM, and the sample was diluted 8-
fold by buffer befare EM imaging. Scale bar carresponds to 500 nm. (B) AFM image of TP alpha-3 solution. Conditions
identical to A). {C) Dynamic light scattering of alpha-S variants, incubated for 11 days at the aggregation candition
and then centrifuged briefly and the supernatant was measured. Data presented are average of three measuremenits,
each consisting of 20 acquisitions of 20 s. (D). UV absorbance of the supernatant of aggregated alpha-3 variants
after 11 days of incubation at the aggregation conditian.

Figure 18. Aggregate formation and toxicity in HEK293T cells.

(A} Real time PCR quantification of alpha-3 mRNA extracted 24h after transfection. Bars represent alpha-S mRNA
relative to the ribosomal 188 subunit mRNA. (mean ' SEM, n= 3 independent experiments, no significant different
betweaen different alpha-S variants) {B) Quantification of the western-blot bands {exemplifiad in E) no significant
different between the different alpha-S variants (mean=SEM, n= 3 independent experiments). {C) Western-blat of
transfected {24h) HEK293T cells. Alpha-5 including the PDZ binding domain has & malecular weight close to 19
kDa, PDZ domain fused to EGFP has a predicted molecular weight of 46 kDa and beta-actin is close to 42 kDa. (D)
Representative images of aggregates {top panel, arrowheads) and preapoptotic cell{lower panel). Scale baris 10 um.

Figure 19. TP alpha-5 displays reduced aggregation propensity in vivo.

Ten-day old vulva muscles are show from lransgenic animals expressing either wi alpha-3 A) or TP alpha-S B)
fused to mYFP. Only wt alpha-S-mYFF leads to extensive fibrilar aggregates while TP alpha-S-mYFP remains
diffusely distributed in the cytaplasm. (C} The expression levels of the alpha-S-mYFP fusion proteins are similar as
shown by YWestern blot using anti alpha-S antibodies. Tubulin staining serves as a loading control.

Figure 20. Electron micrographs of alpha-3 variants.

Electron micrographs of alpha-S variants (A: wt, B: A30P, C: AS3T, Dt ASEP, E: TP} after 5 days of incubation at
37 °C, 50 mM HEPES, 100 mM NaCl, pH 7.4 and 0.01% NaN., stired at 200 rom. The protein concentration was
0.8 mM. Scale bars correspond to 1000 nm for wi, AJ0P and A52T and S00 nm for AS6P and TP alpha-3.

Figure 21. Circular dichroism spectra of alpha-5 variants in the free state {A) and when bound to SUVs formed by
POPC:PCPA (ratio 1:1) {B).

Figure 22. Binding of «3 variants to phosphelipid vesicles.

Vesicles prepared from a 1:1 mixture of POPC and POPA were incubated far 5 hours at raom temperature with
alpha-%S variants at a mass ratio of 250:1, and the mixlure was separated by gel filtration chromatagraphy on a
Superase 6 10/300 GL column (GE healthcare). For comparison. lipid-free alpha-S variants {thin black line) were
subjected to similar separation.

Figure 23. Expression levels of different alpha-S variants are comparable in (A} C. elegans, (B} rat neurcnal cultures
and (C) fruit flies. In {B), AS3T alpha-S runs at a slightly higher melecular weight due to the presence of the seven
amino acid (DTYRYI) long epitope tag AU,

EXAMPLES

[0081] In the following, the present invention is illustrated by figures and examples which are not intended to limit the
scope of the present inventian.
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Example 1
Design of alpha-5 variants

[0082] Adesignofalpha-Svariantsthataims atthe production of foxic specias should keep the structural and functional
properties of the respective mullimers nearly constant. The design was based on the conformational properties of the
alpha-8 monomer in solution and the topology of alpha-S fibrils known fram previous solid-state nuclear magnetic
resonance (NMRY measurements (Lee et al., supra; Heise et al. Proc Natl Acad Sci U S A 102, 15871-15876 (2005)).
The genetic mutation A3CP is located in a region of alpha-S that is statically disordered in amyloid fibrils (Heise et al.,
supral). To interfere with aggregation, the single proline mutation found in the genetic mutant were moved to a position
that is part of the beta-sheet rich core of alpha-S fibrils (Fig. 1A). The alanine residues 56 and 76 were selecied as they
are characterized by relatively large residual dipolar coupling values in the soluble manamer, suggestive of arigid nature
{Lee et al., supra; Bertoncini et al., 2005).

Cloning, Expression, and Purification of alpha-S Variants

[0083] pT7-7 plasmid enceding for human wt alpha-synuclein {(alpha-S) was kindly provided by the Lansbury Labora-
tory, Harvard Medical School, Cambridge, MA, A codon replacement was performed for residue Y136 (TAC ta TAT) for
codon usage cancerns. The resulting construct was then used as the template for mutagenesis reactions. Mutations
were patformed by using the QuickChange site-directed mutagenesis kit (Stratagena) and verified by DNA sequencing.
Plasmids containing alpha-3 variants were expressed in Escherichia cofi BL21 {DE3) cells. Following transformation,
cells were grown in LB in the presence of ampicillin (100 pg/ml). Induction of expression was performed by 1 mM PTG
at 37 °C for five hours and cells were then harvested by centrifugation. Cell lysis was performed by three consecutive
freeze-thaw cycles that were followed by sonication. The majority of the hast cell proteins were then denatured by
incubation of the crude extract at 95 °GC for 20 min in a water bath and the supernatant containing the soluble protein
fraction was recovered by centrifugation. Streptomycin sulfate was added io the supernatant to a final cancentration of
10 mg/ml and the mixture was gently rotated for 15 minutes at 4 *C. After centrifugation, the supernatant was collected
and ammonium sulfate was added slowly to a final cancentration of 0.36 g/ml. The solution was stirred for 15 minutes
at4 °C and centriluged. The resulling pellet was resuspended in 25 mM Tris-HCI {pH 7.7}, Alter overnight dialysis againsl
the same buffer, anion exchange chrematography was performed at room temperature on a AKTA Basic system (Am-
ersham Pharmacia Bictech) by using a POROS 20 HQ {Pharmacia Biotech) column. The pratein was eluted in a linear
NacCl gradienl. Subsequent size-exclusion chromatography over HiLoad Superdex 75 (Pharmacia Biotech) ensured a
high purity of alpha-S samples, Finally, the protein was dialysed overnight against buffer, The protein concentration was
estimated from the absorbance at 280 nm using an extinction coefficient of 3960 M-1cm-1. For preduction of 153N-labeled
proteins, M8-minimal medium supplemented with 15NH4C! (Cambridge Isotope Laboratories) was used. For double
labeled solid-state samples, 13C-Glucose (Cambridge Isotope Laboratories) was also added to the MS-minimal medium.
[0084] The following alpha-S variants were generated: the genetic mutant A30P, the single-proline design mutants
ASBP, A76P, the double mutants A30PASBP and A30PAT76P, and the triple mutant A30PASBPATGP (TP alpha-3),
respectively. Based on the known beta-breaking propensity of proline residues, these mutations are expected to cause
ah increasingly strong delay in aggregation.

Nuclear Magnetic Reseonance (NMR) Spectroscopy

[0085] NMR samples cantained ~ 0.2 mM 15N- labeled wt or mutant alpha-3 in 50 mM Na-phosphate bulfer, 100 mi
NaClatpH7.4and 90% H,0/10% D,C. The experiments wererecorded on a Bruker Avance 600 MHz NMR spectrometer.
The temperature was set to 15 *C unless otherwise stated. Data processing was performed using the software packages
Tapspin {Bruker) and Sparky (Goddard, T. D, Kneller, D.G., University of California; San Francisco). For chemical shift
analysis, TH-13N Heteranuclear Single Quantum Coherene {HSQC) 20 spectra were recorded. Mean weightad 1H-19N
chemical shift differences were calculated according to A8 = {[{A8H)2 + ({A815N)Y5)2 11/21/2. NMR experiments on SDS
micelle-bound alpha-5 were performed by addition of deuterated SDS directly to the protein sample prior to the meas-
uremeni to a final concentration of 40 mM. Measurements were performed at 40 °C.

[0086] Fulse field gradient NMR experiments were performed with the PG-SLED {pulse gradient stimulated echo
langitudinal encode - decode) pulse sequence (Jones et al. Journal of Biomolecular NMR 10, 193-203 (1997)). Sixteen
one dimensional 'H spectra were collected as afunction of gradient strength varying between 2% and 95% of its maximum
value. Acqusitions were performed using 16000 complex data points with 32 scans perincrement and a relaxation delay
of 3 5, Samples contained ~ 0.2 mM unlabeled wi or mutant alpha-3 in deuterated 50 mM Na-phosphate buffer, 100
mM NaCl at pH 7.4. As an internal hydrodynamic radius standard and viscasity prabe, 0.1% 1,4-dioxanes was included.
After baseline correction, the decay in the intensity of the signals from the aliphatic region was fitted as a function of
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gradient strength {g) to the equation f(g) = Ae-die"2),

[0087] To follow the consumption of monomeric alpha-3 by NMR, 0.5 ml samples containing 0.1 mM alpha-S in 50
mM Na-phosphate, 100 mM NaCl, 0.1% NaNs, pH 7.4 and 80 % H,0 /10 % D40 were incubated at 37 °C and stirred
by 5x2 mm slirring bars inside a standard NMR tube. At apprapriate time inlervals, 1D 'H spectra were measured.
Spectra were baseline corrected and the decay in signal intensity was plotted as a function of time.

Circular Dichroism (CD) Spectroscopy

[0088] Far UV-CD measurements were performead on & Chirascan (Applied Photophysics, UK) circular dichroism
spectrometer, using a protein concentration of 10 .M in 50 mM Naphosphate, 100 mM NaCl, pH 7.4 in a quartz cuvette
with 0.1 cm light-path. In case of SDS micelle samples, a concentration of 40 mM 5DS was added. Recordings were
perfarmed over the range of 190-250, with 0.5 nm steps and 2 secands per paint. The spectral bandwidth was 1 nm.
Each experiment was repeated at least twice. Baseline correction was perfarmed with the suitable buffer. Data were
expressed as mean residue ellipticity (degree cm2 dmol-1).

Binding of alpha-5 Variants to Small Unilamellar Vesicles {SUV)

[0089] 1-Palmitoyl-2-Cleoy! phosphatidyl choline (POPC) and 1-Palmitoyl-2-Cleoyl phosphatidic acid (POPA) were
abtained from Avanti Polar Lipids. Vesicles were prepared from synthetic phospholipids in the following ratios:
POPC/POPA (1:1). The lipids were dissclved together in a 4 ml mixture of chlaroform/ methanaol (1:1 volivol), followed
by the evaporation of all solvents under a stream of N, gas and lyophilized overnight. The resulting lipid film was hydrated
in 20 mM TrisHCI {pH 7.4}, 100 mM NaCl ar in 30 mi Na-phosphate buffer (pH 7.4}, 100 mM NaCl to obtzin a total lipid
concentration 12.5 mi. For preparation of SUV, the Suspension was bath sonicated at 37 kHz (4 times for 10 min with
5 min breaks at room temperature) in a glass tube, and the SUV were isclated by ultracentrifugation at 55,000 rpm in a
Beckman TLA 100.3 rotor for 2 hours at 298 K. The isolated SUY exhibited hydrodynamic diameter of 20 nm '+ 5 nm
from dynamic light scattering. SUVs were mixed with purified alpha-S variants at 250:1 mass ratio of phosphalipid to
pratein for 5 haurs at room temperature, then subjected to gelfiltration on a Superose 6 10/300 GL column (GE healthcare)
at a flow rate of 0.5 1/min. The peak volume (detected by UV at 280 nm} at the elution position of free synuclein was
integrated and compared ta Lhe corresponding peak volume abtained in lhe absence of SUV,

Results

[0090] The biophysical properties of wtand mutant alpha-S monomers were very similar, As expected, the chemical
shift changes observed in 1°N-TH heteronuclear single quantum coherence spectra by liguid-state NMR spectroscopy
were small and restricted to the vicinity of the replaced residues, indicating that mutation-induced structural changes
are anly subtle {Fig. 18 and Fig. 5). Moreover, secandary structure and hydrodynamic radius af the alpha-5 manomer
were not affected, as observed with circular dichroism and pulsed field gradient spectroscopy assays, respactively (Fig.
1C,D). Furthermore, the alpha-S mutations do not prohibit the interaction with negatively charged micelles and subse-
qguent alpha-helix formation {Fig. 1C and Fig. €), two features of alpha-S that are potentially important for ite cellular
function.

[0091] Nexi we quantified the amount of alpha-8 bound 1o 3UVs, which were formed by a 1:1 mixture of 1-Palmitayl-
2-Oleoyl phosphatidyl cholineg (POPC) and 1-Palmitoyl-2-Oleoy! phosphatidic acid (POPA). Gel filtration of u3-SUV
mixtures (phospholipid to protein mass ratio of 250:1) revealed that more than 95% of wf and A53T alpha-$ are bound
to SUVs when using Tris buffer {Table 1 and Figure 22). In case of A30P alpha-3, anly 70 ' 3% of the tolal protein was
hound o POPC.POPA SUVs. A value very similar to that observed far A30P was obtained for ASGF alpha-S. In addition,
the affinity of TP alpha-3 was only very slightly reduced compared to A30P and A56P alpha-3, with 66 ' 3% of SUV-
bound protein {Table 1). When phosphate buffer was used instead of Tris, the overall amount of SUV-bound alpha-S
was reduced, but relative differences between different alpha-S variants were very similar {A53 =~ wt > AS6P ~ A30P =
TP {Tabkle 1}, In addition, the content of alpha-helix. which was detected by CD spectroscopy for the alpha-3 variants
in the SUV-bound state, followed the amount of SUV-bound protein {(wt~A53 > ABBP ~ A30P = TP) (Figure 21 and Table 1).

Table 1. Alpha-helical content of alpha-3 variants bound to POPC.POPRA SUVs,

Sample (POPC/PCPA 1:1} Secondary structure predictions by K2D* alpha-Helix (%}
WT 52
A3OP 31
AS3T 48
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(continued)

Sample (POPC/POPA 1:1) Secondary structure predictions by K2D* alpha-Helix (%)
ABBP 35
TP 27

Determined using the K2D web server {(http:/www embl-heidelberg.de/~andrade/k2d.htm).

Example 2
In vitro fibril formation
Preparation of alpha-S Aggregates

[0092] Recombinant human wt and mutant alpha-5 solutions were dialysed against 50 mM Na-phosphate buffer with
100 mM NaCl at pH 7.4 unless otherwise stated. To remove any potential seed prior to aggregation, ultracentrifugation
was perfcrmed in a Beckman ultracentrifuge equipped with TLA.100 rolor (Beckman Couller) at 80000 rpm for 2h al 4
*C. Supernatant was filtered through 0.22 pm filter. Protein concentration was adjusted to 100 pM unless otherwise
stated. 0.01% sterile filtered NaN, was included in the aggregation mixtures, which were then incubated in glass vials
at 37 °C with constant slirring at 200 rpm on a mulli-position magnetic stirring device (Variomag Telesystem 15.40, H+P
Labortechnic AG, Germany). For every experiment, at least triplicates were prepared.

[0093] Forseeded incubations, 200 uM solutions of TP alpha-8 were incubated for five days at 37 °C prior to seeding.
Far electron micrascopy, 50 mM HEPES 100 mM NaCl pH 7.4 was used. Withoul further purification or attempt lo
separate monomers from oligomers, the selution, which contained monomers and oligemers of TP a8, was added o
wt monomeric alpha-5 at an equimolar ratio. As control, we performed an aggregation assay, in which monomeric TP
alpha-8 was added to monomeric wt alpha-8 at an eguimolar ratio. Error bars in Figure 20 represent mean = Standard
deviation of three to four independent experiments.

NMR Spectroscopy

[0024] NMR spectroscopy was carried out as described in Example 1. The drop in signal intensity during aggregation
is due to formation of higher molecular weight aggregates not detectable by solution-state NMR. Thus, the NMR signal
intensity remaining during the course of the aggregation allows estimation of the concantration of monomeric protein.
Simultaneously performed EM measurements, which were performed in the early stages of the aggregation, only showed
small aligomeric species and no amyloid fibrils. In addition, no increase in ThioT signal compared to lhe monomeric
protein was detected during the lag phase. Thus, the reduction of NMR signal intensity during the lag phase of fibril
formation allows estimatian of the concentration of soluble oligomers. In case of the NMR aggregation assay performed
for TP alpha-3 at a concentration of 0.1 mM (Figure 18C}), no amyloid fibrils were detected during the complete time
course of the experiment, indicating that the reduction in signal intensity is solely due to formation of soluble oligomers.
Errars in the estimation of the aligomer concentration depend an the basis of the signal-te-noise ratio in the NMR. spectra
and are determined from the variation observed in three independently performed aggregation assays. In case of TP
alpha-5, they were +2%.

Thioflavin T {ThioT) Fluorescence Measurements

[0095] Aliquots (5l were withdrawn from alpha-S incubations and added to 2 ml af 5 pM ThieT in 50 mM Glycine-
NaOH pH 8.2. Fluorescence measurements were carried out an Cary Eclipse Spectrafluorometer (Varian) using 3.5 ml
guartz cuvettes (Hellma, Germany) with a path length of 1 em. Fluoreseence emission spectra were recorded from 465
to 600 nm, using excitation wavelength of 446 nm, an integration time of 0.1 second, and both excitation and emission
bandwidths of 10 nm. Kinetic aggregation traces were generated from time traces of ThioT fluorescence intensity at 482
nm and corrected for free ThioT fluorescence. Aggregation yields were normalized to the final values and the averaged
data points were fitted to & sigmoidal equation. {Data was represented as mean = standard deviation, n = 3}.

Dynamic Light Scattering (DLS)
[0096] Tao monitor the build-up of oligomeric intermediates of alpha-S, aliquots of 15 pl were withdrawn from the

aggregalian mixture at differenl lime intervals and measurements were performed directly on a DynaPro Titan instrument
{(Wyatt Technology) at 25 °C. Data analysis was performed with the built-in software DYNAMICS from 30 successiul
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measurements. Far the higher concentration samples {0.8 mM), 10 pl aliquots were taken at the end of incubation {11
days), then diluted 8-fold with the buffer and centrifuged at 14000 rpm for 30 minutes, and the supernatant was measured
on a DLS machine. The same laser power was used for all alpha-8 variants. Data analysis was performed with the built-
in software DYNAMICS from 30 successful measurements.

UV spectroscopy

[0097] After 11 days of incubation of 0.8 mM alpha-3 sclutions in the aggregation condition, 10 ul aliquats were taken
out and diluted 8-fold with the buffer. Thereafter, the samples were centrifuged at 14000 rpm for 30 minutes and the
supernatant was investigated for apparent UV absarbance in the 210-310 nm range.

Transmission Electron Microscopy (TEM)

[0098] For negative staining, a solution containing protein was applied to glow-discharged carban coated grids and
stained with 1% uranyl acetate. Images were taken in a Philips CM120 electran microscope (Philips Inc.} at a defocus
of 2.3 pm using a TemGam 224A slow scan CCD camera (TVIPS, Gauting, Germany).

Atomic Force Microscopy (AFM)

[0099] A TP alpha-3 solution (0.8 mM) in 50 mM HEPES, 100 mM NaCl, pH 7.4, with 0.01% NalN3 was incubated at
37 "C with stirring at 200 rpm. An aliquot of 2 pl was diluted 8-fold in the above-mentioned buffer and 4 pl of the diluted
sample were deposited on freshly cleaved mica. After drying in air for 1 hr, unbound sample and buffer were washed
out with 100 pl of distiled water. The samples were imaged using an Asylum MFP3D AFM machine, with a resonant
frequency af about 100 kHz, a scan frequency of 1 Hz, using silicone nitride tips.

Solid-State NMR Spectroscopy

[0100] Forsolid-state NMR measurements, 200 wM 13C- and 15N-labeled A58P alpha-S was incubated for two weeks
and 200 pM 13C- and 15N-labeled TP alpha-S was incubated for four weeks al 37 °C and 200 rpm. Subsequenlly,
alpha-8 aggregates were recoverad by centrifugation at 60000 rpm for 2h at 4 *C (TLA. 100, Beckman ultracentrifuge).
Two-dimensional NMR experiments were conducted on 14.1 T {H resonance frequency: 600 MHz) and 18.8 T (H
resonance frequency: 800 MHz) NMR instruments (Bruker Biospin, Germany) equipped with 4 mm lriple-rescnance {H,
13, 13N} MAS prabes. All experiments were carried out at probe temperatures of 0 °C. MAS rates were set to values
that facilitate sequential correlations at [onger mixing times, i.e.. 9375 Hz at 600 MHz and 12500 Hz at 800 MHz.
Rescnance assignments for AS8P alpha-3 and a residue-specific analysis of beta-strands in alpha-S variants was based
on seguential (13C-13C) correlation data obtained at mixing times of 150 ms {data not shown).

Dot Blotting

[0101] Purified recombinant proteins were spotted onto nitrocellulose membrane. Blotting was performed using the
conformatian-specific A11 antibody {Invitrogen’s Biosource). The amount of protein used for each spot was 10 pg. Ina
parallel experiment, same samples were blotted using the anti-alpha-3 antibody (BD Biosciences). The amount of the
protein used was 1 pg.

Results

[0102] Despite the high structural resemblance of the monomeric proteins, fibril formation in vitro and in cells was
dramatically reduced by the alpha-5 mutations {Fig. 2 and Fig. 9}. Whereas 0.1 mM of wt and A30P «S formed fibrils
after about 20-30 hours as probed by thioflavin T (ThioT) fluorescence, ASGP, A30PASGP and AS0PATGP alpha-S had
an approximately five time longer lag phase (Figure 24 and Figure 9). In addition, their fibril elongation rate was strongly
reduced suggesting a reduced cooperativity of the transition. TP alpha-S did not show any fibrils even after two weeks
of incubation {Figure 2A). However, electran microscopy and dynamic light scattering detected pre-fibrilar TP alpha-&
aggregates already at an early stage of the aggregation process (Fig. 2c and Fig. 7). A quantitative analysis of the NMR
signal decay showed that after 50 hours of incubation at 37°C and 0.1 mM protein concentration the oligomeric inter-
mediates constituted a 6% and 2% fraction of the protein mixture for ABEP and TP alpha-8, respectively. In case of TP
alpha-3, the oligomeric fraction increased to 4% after 180 hours (Figure 2B).

[0103] Dynamic light scattering identified high molecular weight species with both AS6P and TP alpha-2 (Fig. 2C).
The hydrodynamic radius was approximately 100 nm, a value very similar to that observed with cligomers of wf and
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A30P alpha-S (Fig. 2C and Fig. 8). Measurement of manomer cansumption throughaut the aggregation by 1D 'H NMR
spectroscapy revealed that the aligomeric intermediates formed by AS6P and TP alpha-S constitute a 8% and 2% fraction
of the protein mixture after 50 hours, and a 40% and 4% fraction after 160 hours respectively {Fig. 2B}. A mixture of
oligomeric and monomeric TP alpha-S, which was obtained after five days of aggregation of TP alpha-3 at 37°C and
0.2 mM protein concentration, was able o seed fibril formation of monomeric wi alpha-S (Figure 2D). In contrast, addition
of the same concentration of purely monomeric TP alpha-S did not accelerate aggregation of wt alpha-3. [n addition,
the mixture of oligomeric and manameric TP alpha-S was recognized by the confarmation-specific antibody A11 (Figure
ZE), which detects a variety of toxic amyloid oligomers. Notably, the TP oligomers were nat resistant to sadium dodecyl
sulfate (data not shown).

[0104] Increasing the concentrationto 0.8 mM significantly accelerated the rate and amount of aggregation and amylaid
formation of all alpha-S variante {(Figure 2G). At 0.8 mi protein concentration, wt and A30P alpha-5 had a distinct lag
phase af about 8-12 haurs, whereas ThT reactivity of A53T rose from the beginning {inset in Figure 2G). On the other
hand, AS6P started to form ThiaT-paositive fibrils after about 72 hours and TP alpha-3 displayed a clear but very slow
rising ThioT signal only after about 5 days of incubation {(Figure 2G). Surprisingly, the strongest ThioT signal after 5 days
of incubation was observed for A30P alpha-5, followed by wi and AS3T alpha-5. Thig is maost likely caused by the very
gel-like behaviour of the aggregated wi, A30P and in particular A53T alpha-S sample that interfered with ThioT binding.
The samples of AS6P and TP alpha-3 were much more fluid, indicating that a smaller amount of fibrils was formed. In
addition, ASEP and TP alpha-S had strongly reduced fibril elongation rates. Whereas for wit, AS0P and A53T alpha-S it
took about 20 hours to reach the saturating ThioT signal from end of the lag phase, this time was increased to about 60
hours it case of ASEP alpha-3. With TP alpha-3 a saturating ThioT signal could not be reached within the experimental
time, indicating that it has an extremely slow fibril elongation rate (Figure 2G).

[0105] Electron micrascopy of wi, A30P, A53T and ASEP alpha-S samples after 6 days of incubation {protein concen-
tration of 0.6 mi) revealed a high number of fibrils of about 8 nm in diameter and various lengths but without clearly
observable oligomeric species. In case of TP alpha-5, the fibrils were significantly lower in number, longer and frequently
associated with aligomers of various shapes and sizes (Figure 20 and Figure 17A). Atomic force microscapy of the TP
alnha-S sample showed a similar picture, with the presence of fibrils of about 8 nm in diameter, and cligomers of 20-100
nm in diameter {Figure 17B}.

[0106] The aggregation process of the alpha-3 variants was further investigated by dynamic light scattering and
eleclron micrescopy. Bynamic light scattering revealed the formalion of soluble oligomers with a hydrodynamic radius
of approximately 80-180 nm after six hours of incubation in the aggregation assay employing protein concentrations of
0.1 mM {Figure 8). In the same assay, a heterogeneous distribution of larger species was observed for all alpha-S
variants after 12 hours of incubation by electron microscopy (Figure 8).

[0107] In addition, DLS was used o study the saluble oligomers of alpha-S, which were formed after 11 days of
incubation. At protein concentrations of 0.8 mM, fibrils were observed for all alpha-3 variants {see above and Figure
17A). The fibrillar material was separated from soluble oligomers by centrifugation at 14,000 rpm for 30 minutes and
careful pipetting of the upper 50% of the supernatant. DLS measurements of the supernatant samples showed quite
different scattering patterns for the different alpha-S variants. The smallest scattering intensily was observed for wf
alpha-8 (Figure 17C). A30P and A53T alpha-8 had very similar scattering intensities, which were slightly larger than
that of wi alpha-5, and for A56P alpha-5 the scaftering intensity was further increased. The most dramatic increase,
however, was seen for TP alpha-S, for which the scattering intensity of the supernatant sample was an order of magnitude
higher than in case of the wi protein (Figure 17C) and mosltly caused by 140-170 nm oligomeric species. The UV
absorbance spectrum of the supernatant shawed a very similar trend for the alpha-S variants (Figure 170). The combined
EM, AFM, DLS and UV data indicate that AS6F and in particular TP alpha-S have an impaired ability to form amyloid
fibrils, bul soluble oligomers accumulale in later stages of the aggregation.

[0108] The late-stage aggregates of ABGP and TP alpha-3 were characterized al single residue resolution by solid-
state NMR (ssNMR) spectroscopy (Figure 103, For both ABGP and TP alpha-3, magnetization transfer from water to the
protein proceeded with the same rate suggesting that the relative water-accessible surface in these fibrils was similar
to that of fibrils from wt protein {Figure 10A). Assuming a cylindrical {proto)ibril model, we estimated fibril diameters of
about 60 A for all three cases. However, cross peak signals in sequential (13C, 13C) correlation experiments conducted
on ABEP alpha-S were absent around the mutation site {e.g. Y39, 542, T54 and A56) but were identified for the other
three beta-strand segments previously seen far the wi, A30P and A53T protein {Heise et al., 2005) {(Figure 108B}. In
addition, we detected alterations in chemical shifts for residugs including T75, Q79, 188, and E83, indicative of a perturbed
beta-strand structure. These findings paint to a reduced beta-sheet content in late stage aggregates of AS6P alpha-$
compared to wi, A30F and A53T alpha-5. Concomitantly, we detected in ssNMR experiments probing mobile ASGF fibril
segments an enhanced cantribution from residue types such as threonine, which are found in the residue siretch 22-83
{Figure 10C}. Far TP alpha-3, a further significant reduction of crass-peak correlations was detected (Figure 10D) under
experimental conditions comparable to A5GP, consistent with structural alterations or increased dynamics/disorder in
the last two beta-strands {Figure 10E).
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[0109] Caollectively, these results indicate that there were anly subtle changes with respect ta the biophysical praperties
of mutant versus wild type alpha-3 pratein with the exception that the aggregation process was drastically slowed down.

Example 3

in vivo fibril formation

Human Embriyenic Kidney (HEK) Cell Cultures
Cell Culture

[0110] HEK283 cells were cultured in Dulbecca’s MEM { PAN-Biotech, Aidenbach, Germany) with 10 % fetal calf serum
and 1 % penicillin-streptomycin. Cells wers transiently transfected using Metafectens (Biontex Laboratories, Martinsried,
Germany}, following the manufacturer instructions. For imaging, cells were grown on poly-L-lysine {Sigma, Munich,
Germany) coated glass coverslips and used 24h after transfection. For staining of chromatin and F-actin, cells where
submerged in PBSwith 0.5 pg/ mlaf Hoechst 33258 ( Invitragen) and 1:500 of Alexa-568 conjugated phalloidin {Invitrogen)
far 15 min at raom temperature and washed 3 times in PBS. Coverslips were mounted on glass slides using mounting
medium consisting of 24 % wiv Glyceral, 0.1 M Tris-base pH 8.5, 9.6 % wiv Mowiol 4.88 (Calbiochem, Darmstadt,
Germany) and 2.5 % wiv of DABCO (Sigmaj).

Imaging

[0111] Imaging at 24 h was performed at room temperature using an inverted fluorescence microscope (DMIG000B,
Leica Microsystems, Bensheim, Germany} with a 83x dry objective (HCX PL FLUCGTAR, N.A. 0.7} and a Leica FX350
Camera. For each genotype, 200-300 cells per coverslip from from 4-5 independent experiments were classified manually
based on their EGFP distribution as either "homogenous”, "with a single aggresome”, "with many aggregates” or "prea-
poptotic”. For statistical analysis, One-Way ANOVA was perfarmed with GraphPad Prism 4.00 (GraphPad Software,
San Diego, USA). P values were derived from Dunnett's posttests. All comparisons were made against the control PDZ-

EGFP alcne. Bars depicted in the graphs represenl mean ' standard errar of the mean.
Quantitative rtPCR.

[0112] Total RNAwas isclated from HEK293 cells 24h after transfection using the RNeasy Mini Kit {Quiagen, Hilden,
Germany). RNA was digested by RO1 RNase Free DNase (Promega, Mannheim., Germany) and protected against
RNases by adding 20 U of RNase Inhibitor RNasin {Promega, Mannheim, Germany). 2.5mg of total RNA was used for
reverse transcriptase PCR (M-MLV; Promega, Mannheim, Germany). cDNA was diluted 150 and real-time reaction
samples were preparad using ABsolute QPCR SYBR Green (ABgene, Hamburg, Germany), according to the manufac-
turer instructions. Real-time PCR was performed in a Stratagene Mx3000P Realtime device (Stratagene, La Jolla, CA).
Primers for detection of az-synuclein were Fw 5CAG GGTGTGGCAGAAGCAGCS (S5EQ ID NO: 4) and
Rv_5'CTGCTGTCACACCCGTCACCY (SEQ ID NO: 5). Eucariotic 18s ribosomal mRNA was chosen as reference gene
and quantification calculated using lhe comparative 2-AACt melhod. Water and pEGFP-N1 transfected cells were used
as negative controls. Three independent experiments (n=3) were performed, each with triplicates. Significance of ex-
pressian differences, were tested using ane-way ANOVA, which was not significant.

Western bfof,

[0113] Cells were plated in 6 well plates at equal density and transfected the next day. 24h after transfection, cells
were harvested in phosphate buffered saline {PBS), centrifuged and resuspended in 100 pl of lysis buffer: PBS with 1%
TritenX and protease inhibitor cocktail {Pierce, Rockford, IL, USA). Lysates were cleared by centrifugation {13,000 g,
20 min, 4°C) and the supernatant transferred to new tubes. 10pl of each were separated by SDS-PAGE. Primary
manoclonal antibody against alpha-S was used aver night at 1:1000 and at 4°C {(BD Transduction Laboratories, Cat.
#610788). After incubation with the secondary antibody and visualization, the membrane was washed 3 times 20 min
with stripping buffer (0.2 M Glycin, 0.5 M NaCl, pH 2.80) and incubated over night with antibody against GFP {polyclonal;
Santa Cruz #8C 8334). The secondary antibodies for both primaries (GE Healthcare, #NXAD31 & #NAL3IAV) were
coupled to harseradish-peroxidase {1:10000) and visualized independently by chemiluminescence (Alphalmager, Al-
phalnnatech, SanLeandro, CA). Quantification of a3 signal was normalized against the EGFF signal of the same sample.
This is a better expression control since EGFP is in the same vector but under a second CMV promatar). Beta-actin
levels were equivalent among the different constructs, but normalizing with beta-actin would econtrol for transfection
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efficiency, and not far protein expression levels. Tree independent experiments (cells plated, transfections and western
blots) were performed.

[0114] Thein vivefarmation of insoluble aggregates in human embryonic kidney (HEK) cellswas tested after expression
of fluorescently labelled A30P, A53T, AS6F and TP alpha-3, having a six-amina acid PDZ binding molif for recognition
by enhanced green fluorescent protein (EGFP). Equal expression levels of all alpha-S variants were verified by quan-
titative PCR and Western blot (Figure 18). A second. independent cassette expressed a fusion protein of EGFP and the
correspanding PDZ damain (PBZ-EGFP), thus non-cavalently labelling alpha-S variants with EGFP. We classified cells
hased on their EGFP fluorescence to determine the frequency of cells with aggregates and the fraction of preapoptetic
cells (see above). Significantly more cells transfected with A30P or AS3T alpha-S formed aggregates {(as visualized by
EGFP fluorescence) as compared to cells expressing the cantrol protein PDZ-EGFP alone {Figures 18A and 18E; Fig.
2F, clear bars). In contrast, expression of the design mutants AS6P and TP alpha-S mutants did not induce aggregates
in more cells than background {EGFP-PDZ alane}. Thus, AS8P and TP alpha-8 fulfilled their design principle, i.e. they
show strongly impaired aggregation bath in vifro and in living cells. Expression of the genetic mutants A30P and AS3T
alpha-5 resulted in more cells with aggregates and a higher fraction of preapototic cells than control. (Figure 18A4; Fig.
2F. hatched bars). In contrast, expression of ASEP and TP alpha-S resulted in toxicity comparable to that ocbserved for
A53T alpha-3, despite the observation that the occurrence of aggregates was at background levels (PDZ-EGFP alone).
From the induction of toxicity but not aggregates by the design mutants AS6P and TP alpha-S we conclude that cellular
foxicity in response to alpha-S expression does not require the formation of visible alpha-S aggaregates, However,
differences in taxicity between AS6P and TP alpha-S that are related te aggregation cannot be revealed in this system,
as already the single AS6P mutation had a daminant effect on aggregation.

Example 4

Intervertebrate animal models
C. elegans Experiments
Expression consiructs

[0115] As described previously (Fitman et al., supra), a 719 bp dat- 1 promater fragment was PCR amplified and
cloned upstream of the start ATG of enhanced gfp in the C. elegans expression vector pPR115.82 {myo-3:gfo; kindly
provided by A. Fire) in order lo express alpha-3 in dopaminergic neurons, replacing the myo-3 prometer crealing Pdat-
1:0¢fp. Subsequently alpha-8 and its mutant variant were alsa PCR amplified and cloned as a Ndel/HindlIl fragment into
the Pdat-1.:gfp vector replacing GFP. To create Pdat-1.:mCherry. the g coding sequence of Pdat-1.:gfp was exchanged
with that of the red fluorescent protein vartant mCherry. To analyze aggregation alpha-8 - mYFP citrine fusion proteins
were specifically expressed in muscle cells under the control of the myo-3 promoter of pPR115.62. Wt and TP alpha-S
were PCR amplified without stop codon for C-terminal fusion and cloned along with mYFP citring inte pPD115.62 replacing
GFP, resulting in Pmyo3:aS-YFP. All constructs were verified by sequencing.All constructs were verified by sequencing.

Transgenic animals

[0118] C. efegans strains were cultured as described previously (Brenner, 5., supra) and kept at 20°C if not otherwise
stated. To create transgenic animals expressing alpha-3 or its mutants in dopaminergic neurans the gonads of young
adull wild lype N2 hermaphradiles were injected with a plasmid mix of Pdat-1.:alpha-syn (60 ng/pl} and Pdal-1..mCherry
{40 ng/pl) as co-injection marker. The cancentration of the alpha-3 expression constructs were chosen such that wild
type alpha-S expression at this given concentration shows only a weak phenatype. The cancentration of all other alpha-
S expression constructs was kept constant accordingly. To express mYFP citrine tagged alpha-S variants in body wall
and sex muscles a plasmid mix containing Pmyo3:«S-mYFP (40 ng/ul} and the caoinjection markers pRF4 (rol-
6(au1006sd), 40ng/pl} and Ptix3:gfp (10ng/ul} were injected. To allow comparable expression levels, the injection mix
was always adjusted to a total DNA concentration of 100 ng/pl by adding pBlueScript SKII (Stratagene). Only transgenic
lines showing highly uniform expression were selected and similar levels of alpha-S expression were confirmed by RT-
PCR and Western Blot. Alpha-8 was defected using a palyclonal rabbit S antibody {Anaspec). All blote were normalized
against alpha-tubulin using monoclanal Ab 12610 ({DSHB). To image alpha-S-mYFP aggregation in muscle cells 10 day
old frangenic animals were anesthetised and imaged using the UltraviewVOX spinning disk microscope (PerkinElmer).
At least two independent strains per alpha-3 variant were imaged. Vulva muscles were scored positive if at least one
fibrilar aggregate was visible.
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Micrascopy and behavioral analysis

[0M17] L. elegans containg eight dopaminergic neurons which are involved in food sensation. These neurons have
heen widely used as an accepted mode! system to mimic Parkinson related phenotypes in C. efegans. As in the human
system expasure of the worm 1o - hydraxydopamineg (6-OHDA) or MPTP results in a specific degeneration of dopamin-
ergic neurons and associated alterations in depamine contrelled behaviors. Furthermaore, this toxicity is dependent on
the presence of the dopamine transporter DAT- 1 as no degeneration is abserved in daf-1 mutant animals or if dopamine
transporterinhibitors are used. Thus C. efegans can also be used to test and find neureprotective compounds (Marvanova
& Nichols Journal of Molecular Neuroscience 31, 127-137 (20073). This exemplifies that the dopaminergic system of C.
glegans is highly similar to mammalian system and can therefore be used as a model to assay the neuronal physiology
linked to Parkinson's disease {PD). Accordingly. expression of alpha-S or its mutant versions linked to PD specifically
in dopaminergic neurons have been shown to cause neuronal toxicity and degeneration (Pitman et al., supra; Shaw et
al. Science 287, 1834-1837 (20000}, Interestingly, in C. elegans familial PD linked A30F alpha-3 and AS3T alpha-8
exhibit an increased neuronal toxicity as compared to wild type alpha-5 {Pitman et al., supra).

[0118] Rautinely, transgenic animals were imaged or assayed four days after reaching adulthood at least three inde-
pendent strains per transgene were tested. To image dopaminergic neurans, transgenic animals were anesthetized by
50mM sodium azide in M9 huffer and mounted on a 2% agarose pad. RFP positive dopaminergic neurons were visualized
using a Leica SP2 confocal microscope system. Neurite defects were scored pasitive if one or more dendritic pracesses
out of four had degenerated. Far each transgenic strain at least 75-80 animals were tested.

[0119] As a response o the presence of food wild type animals slow down their mavement and reduce their area
restricted searching behavier in order to feed more efficiently. This dopamine-controlled behavior is absent when
dopaminergic neurans are ablated or not functional. Therefore, this behavior allows to directly assess the functional
integrity of dopaminergic neurons in C. elegans. For behavioral analysis wellfed adult animals were transferred to the
center af an assay plate with or without food as described previously {(Brenner, supra). After an initial time of adjustment
for 5 min the movement was assayed by counting bady bends over a ane min interval with three repetitions per animal.
The slowing rate was calculated and defined as the percentage of locomation on food as compared to the locamotion
on plates withaut foad. Far each transgenic strain at least 35-50 animals were tested in double blind fashion. Each trail
was repeated three times.

Drosophila Experiments
Generation of Transgenic Flies

[0120] The site-specific recombination system based on ¢C31 integrase was used to generate transgenic flies (Sawin
et al. Neuron 26, 619-631 (2000)). The targeting constructs were prepared by cloning the ¢cONAs of alpha-S variants
inta the GAL4-responsive pUAST expression vector containing aig site (attachment site B). The resulting plasmids
were then injected into the fly embryos, which are double homozygous for bath aftP (attachment site P) site and germ-
linespecific pC31 integrase. The genomic location of the affP landing site used for integration was mapped to the 3R-
86Fb position in the gename (ZH ¢X-86FDb line) {Sawin et al., supra). All the site-specific insertions were verified by
single fly PCR using the primer pairs: 5'ACT GAA ATC TGC CAA GAA GTA 3 (SEQ 1D NO: 2) and 5°GCA AGA AAG
TAT ATC TCT ATG ACC 3' (3EQ ID NO: 3). In order lo compare the ddc-Gald driven protein expression levels in
fransgenic animals expressing different variants of alpha-3, SD3-PAGE and subsequent western blotting were performed
fram fly head extracts as described previously (Edery et al. Proc Natl Acad Sci U S A 81, 2280-4 (1894)),

Immunchistochemistry.

[0121] Whole-mount adult fly brains from the 28-30 day old animals were prepared and immuno-stained. Rabhit anti-
tyrasine hydroxylase (TH} {1:150; Chemicon International, Temecula, CA) was used to positively stain the DA neurons,
and Mouse anti-nc82 {1: 200; Developmental Studies Hybridoma Eank, University of lowa, lowa City, |A) was used as
a counter stain. From the confocal sections of fly brains of different genotypes, DM and DL clusters of DA neurons were
defined and counted by using the ImageJ64 software {National Institutes of Health, Maryland, USA) {(10-15 brains per
genotype; two independent experiments).

Bohavioral Analysis

Longevity Assay

[0122] Flies expressing alpha-S variants and cantrol animals expressing fae 2 were collected and maintained under
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LD 12:12 at 25 °C with constant humidity and population density per vial. Flies were transferred to the fresh food vials
and scored for survival every & days. Survival curves were calculated and plotted using Kaplan-Meier statistics, and
differences between therm were analysed by using the log rank method {GraphPad Prism software, San Diego, USA).

Sleep Assay

[0123] Fly embryos of different genotypes were collected in 2 hour window petiods, and were grown under LD 12:12
at 25 °C before the eclosicn. Males were collected fram the progeny and aged with equal papulation density under LD
12:12 at 25 °C. After 25-30 days, locomotor activity of the aged flies was recorded in LD by the Drosophila Activity
Monitoring {DAM) system (Trikinetics, Waltham, MA) as described in (Hendricks et al. Nat Neurosei 4, 1108-15 (2001);
Hendricks et al. Neuron 25, 129-38 {2000)). Sleep was measured as bouts of 5 min of inactivity, using a moving window
of 1 min intervals. Average bout length {(ABL) was calculated from the sum of sleep bouts of all lengths {in minutes)
divided by the total number of sleep bouts.

Climbing Assay

[0124] Flies expressing different alpha-S variants were placed inan apparatus cantaining a battom vial and an inverted
upper vial, They were assayed for their ability to reach upper vial from the bottom vial in twenty seconds. During the
assay, toavaid photic effects from outside environment, both vials have been encased inblack cases. Since flies generally
get atiracted towards light, a light source at the top of upper vial with the help of twa light emitting diodes was also
provided. This type of set up provides a directionality and motivation far the flies to climb up.

Results

[0125] Tofurtherexplare the consequences of delayed alpha-3 aggregate formation in living arganisms and to elucidate
its functional consequences, the impact of the biophysically characterized alpha-S rutants on various behavioural
aspects related to PD in model organisms such as locomator activitiy of fly Drosophila melanogaster and the nematode
C. elegans was tested. Expression levels of all alpha-3 variants in a specific model system were comparable (Figures
18, 19 and 23).

C. elegans

[0126] When expressed in muscle cells of C. elegans, wi alpha-8 had been shown to form aggregates in an age
dependent manner. To demonstrate that the TP variant of alpha-S has a strongly impaired akility to form insoluble
aggregates in vivo - as has been shown in vifto - we expressed wt and TP alpha-S as a fusion to monomeric YFP in
body wall and sex muscles of C. elegans and fallowed its aggregation with time. As reported previously aggregates of
wt alpha-S-mYFP are first detected in six-day old adult muscles and at day 10 large fibrillar aggregates were visible in
most muscles {86% and 75% in 25 animals analyzed in each of two independent stains, respectively) (Figure 194). In
contrast, at day six no TP alpha-S-mYFP aggregates could be datected in any of the transgenic straing and even at day
10 only rare, small TP alpha-S-mYFP aggregates were visible in a few muscle cells (4% and 8% in 26 animals analyzed
in each of two independent stains, respectively) (Figure 19B). The alpha-3-mYFP expression levels were comparable
as judged by Western blot analysis and even slightly higher for the TP strains used {Figure 19C). Therefore, we conclude
that, like in vitro, the TP mutations strongly impair fibril formation of alpha-3 fr vivo.

[0127] A hallmark of PD is the progressive loss of dopaminergic neurons in patients. Dapaminergic neurons in C.
slegans have been successfully used as a model system 1o assay the toxicity of alpha-S mutants associated with familial
PD (Nass & Blakely Annu Rev Pharmacol Toxicol 43, 521-544 (2003)). The six depaminergic neurens in the head of C.
efegans are cleary visible and marphologically invariant from animal to animal, enabling reliable scoring of marphological
defects {Nass & Blakely. supra). To assay alpha-5 induced neuronal toxicity, transgenic strains were generated ex-
pressing the different alpha-3 variants exclusively in dopaminergic neurons of C. efegans. As these neurons are dis-
pensable and are not required for viability, their alpha-8 induced degeneration can be studied without affecting the
animal's fithess. For each expressed alpha-S variant, the marphology of dopaminergic neurons in the head in multiple
independent transgenic strains was analyzed. Two representative lines each are shown in Figure 4B. Transgenic strains
overexpressing the genetic mutants A30P (45' 5% and 42 * 4%) and A53T (36 ' 6% and 48'5%) alpha-3 developed
more nelrite defects than contrel animals expressing wt alpha-S (13 ' 5% and &' 3%) (Figure 4B). More pranounced
neurodegeneration, however, was observed faor C. elegans straing expressing the designed alpha-S variants AS6P
{63 ' 3% and 68 ' 3%) and TP {83 ' 2% and &1 ' 3%) (Figure 4B). Impartantly the AS6P alpha-3 mutant caused mare
severe neurite defects than the A30P alpha-S mutant. In both alpha-3 variants, alanine is replaced by proline within the
alpha-8 domain that converts from an unfolded conformation in the soluble monomer to an alpha-helical structure by
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interaction with membrane mimetics. Within this damain, A30 is not part of the rigid beta-structure of alpha-S fibrils
whergas ASGP carries the replacement right in the center of the second beta-strand (Fig. 1A} {Heise et al., supra). The
alpha-5 expression levels were similar in all strains studied as shown by Western blot analysis using an alpha-S-specific
antibody (Figure 23). However, the degeneration was not restricted to dopaminergic neuraons. When alpha-5 was ex-
pressed under the control of a pan-neuronal promoter degeneration of other neurons was visible leading to sick animals
{data not shown).

[0128] In response to the presence of food, C. elegans worms slow down movement and reduce the area-restricted
searching behaviour. This behaviour depends on dapaminergic neurctransmission and is absent when dopaminergic
naurons are ablated or not functional (Sawin et al., supra). Transgenic worms expressing the A56P or TP alpha-S variant
in dopaminergic neurans showed a strong impairment of this dopamine (DA)-dependent behaviour. This impairment
was strongly enhanced as compared to animals expressing the A30P or AS3T mutant or wt alpha-5 (Fig. 3A).

D. melanogaster

[0129] Next wt alpha-5, AB3T, ABEP or TP alpha-5 mutant proteins were expressed in Drosophifa. To ensure com-
parable expressian of the different alpha-5 variants, the carresponding transgenes were targeted to the same genomic
location by using the ¢-C31 based site-specific recombination system (Fig. 11).

[0130] Toassesstheimpactof the alpha-3 variants on dapaminergic neurons in Drosophifa, we immunostained whole-
mount brains from flies at 2 and 29 day posteclosion with an antibody against tyrosine hydroxylase, which specifically
identifies these neurons (Figure 4C). In young flies overexpressing wt, AS3T, AS6P and TP alpha-S under cantrol of the
pan-neuronal driver efav-Gald the number of neurons in the dorsomedial {DM) and dorsolateral {BL) cluster of the brain
was not altered when compared to the LacZ cantral (Figure 40). At day 29, however, adult flies expressing A53T and
ASEBP alpha-S demanstrated a marked loss of tyrosine-hydroxylase-positive cells in bath clusters {Figure 41). An even
more prongunced reduction in the number of dopaminergic neurons was observed in flies expressing TP alpha-5, in
particular in the DM cluster (Figs. 4C,0).

[0131] Using the pan-neurcnal driver efav-Gald, flies were assayed for motor defects using a climbing assay which
addresses the combined geatactic and phototactic response of flies. The loss of the climbing respanse has been used
ta monitor aging-related changes in Dresophila and ta reveal behavioral manifestations of nervous system dysfunction
in alpha-% transgenic flies. The climbing abililies of 25-30 day old flies expressing wi alpha-3 (or A20P alpha-5 according
o initial tests) were comparable to thase of the LacZ control flies (Figure 3B). In contrast, flies expressing the genetic
mutant AS3T alpha-5 or the aggregation-impaired design mutant ASEP alpha-S showed a reduced climbing ability. In
agreement wilh the lowesl number of dopaminergic neurons (Figure 4D), adult Tlies expressing TP alpha-S were most
strongly impaired (Figure 3B).

[0132] To further explore the effects of wi alpha-3 and alpha-3 mutants when directly expressed in the dopamineg
producing target cells, a driver line was used that cantains the promoter for the BDOPA decarboxylase gene {ddc-Gald)
which then allows transgene expression in a subset of neurons including dopaminergic neurons.

[0133] It was found that averexpression of mutant alpha-S did not affect the survival rate within the first 33 days, after
that, however, flies averexpressing AS6P alpha-S, and in particular TP alpha-S, had a higher morbidity resulting in an
average reduction of the life span by approximately 10 days when compared to wt alpha-5 flies {Fig. 3C and Tables 2
and 3). Furthermare, 25-30 day old flies expressing the designed mutants showed aberrant sleep patterns {(Fig. 3D,E),
which were slrongest for flies expressing the AS6F and TP alpha-8 mutants, affecting both the sleep prafiles and the
average lengths of slesp bouts (Fig 2D,E and Figs. 12, 13). It is interesting to note that DA neurans in Drosophifa
innervate the mushroom body, a brain area involved in sleep regulation {Pitman et al., supra), and comman features
have been suggested helween sleep slates in insects and mammals (Shaw et al., supra)). Thus, flies expressing toxic
variants of alpha-3 might provide a means to investigate the mechanism underlying sleep impairment by genetic and
pharmaceutical tools that in turn can be useful for developing PD therapy.

Table 2
Comparison of Survival Curves wialpha-5 and AS6P alpha-5
Logrank Test
Chi square 5.270
df 1
P value 0.0217
P value summary "
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(continued)

Comparlson of Survival Curves

wtalpha-8 and A56P alpha-S

Logrank Test

Are the survival curves sigdifferent? | Yes
Median survival

Dala 1:a2-Syn-wt 48.00
Dala 1:a-3yn-A5S6P 42.00
Ratio 1.143

85% Cl of ratio

0.2754 to 2.010

Hazard Ratio

Ratio

0.8788

95% Cl af ratio

0.6766 lo 0.8687

Table 3

Comparison of Survival Curves

wi alpha-5 and TP alpha-$

Logrank Test

Chi square A7.74

df 1

P value P<0.0001
P value summary i

Are the survival curves sig different? | Yes
Median survival

Data 1:a-syn{wt) 48.00
Data 1:a-syn{triple) 42.00
Ratia 1.143

95% Cl of ratio

0.2733t0 2.012

Hazard Ratio

Ratio

0.6946

95% Cl of ratio

0.4266 to 0.6217

[0134] Taken togsether the data demanstrate that over-expression of alpha-5 variants, which delay fibril formatian but
allow oligomer farmation, causes increased neurctoxicity in established model systems for PD: increasing impairment
ta form [ibrils is consistently correlated wilh increasing neurodegeneration {wt ~ A30P < AS8P < TF). The genslic mutanl
A53T alpha-S has a neurctoxicity comparable to that of AS6P alpha-3 in the three model systems, but does not allow
a conclusion about the importance of a certain aggregate species for neurotoxicity as A537 alpha-S forms both aligomers
and amyloid fibrils more rapidly. These resulls indicate Lhat delayed fibril formation by lhe structure-based design mulanls
of alpha-3 causes functianal impairments in both Diosophifa and €. elegans, that can be altributed o dopaminergic
dysfunction. They alter mobility of flies and worms, affect the sleeping behaviour of flies and reduce their lifespan.
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Example 5
Mammalian neurons
Primary Neuronal Cultures

[0135] AAV-1/2 mosaic serotype viral vectors were prepared essentially as described (Nass & Blakely, supra). Thair
genomes consisted of AAV-2 ITRs, human synapsin-1 gene promoter driving expression of alpha-S variants, WPRE far
enhanced mRNA stability and bavine grawth hormaone polyadenylation site,

[0136] Primary cortical and midbrain neurons were prepared from rat embryos at E18 or E16, respectively. Neurons
were plated in 98 well plates for WST aseay and tyrosine hydroxylase (TH) immunocytachemistry and in 24 well plates
for NeuN immunocytochemistry. Neurans were transduced by AAV vectors at day 3 in vitro (DIV 3) and were analysed
at DIV 10. WST assay, measuring mitochandrial dehydrogenase activity, was performed accarding to the protocal of
the manufacturer {Roche Diagnostics). Immunocytachemistry was performed with anti-NeuN {Chemican) and anti-TH
antibodies {Advanced Immunochemicals Inc.) detected by Cy3 coupled secondary antibody. Cell counts were performed
in at least 5 randamly selected fields per well and in at least & wells each of at least two independent replicates of
respeclive transduction by AxioVision software (Zeiss).

[0137] To perform statistical analysis, respective graups were tested by Levene's test for enuality of variances in order
to confirm that One-Way ANOVA could be performed, for which Student-Newman-Keuls test for all pair wise comparisons
was used, Data are presented as mean ' standard error of the mean (SEM).

Results

[0138] Woe further investigated toxic effects of the alpha-S mutants upon expression in cultured mammalian neurans.
Rat primary cortical neurans were transduced with Adenc-associated-virus (AAV) {Kugler et al. Am J Hum Genet 80,
291-297 {2007)) expressing wi or mutant alpha-S. Transgene expression was absolutely neuron-restricted and trans-
duction efficacy was in the range of 35% as evidenced by EGFP flucrescence. Using a water-soluble tetrazolium salt
{(WS3T) colarimeteric assay far mitochondrial dehydrogenase activity, we found that ABGP alpha-3 was more taxic than
A53T alpha-S (which did nol shaw significanl differences to wif and A30P alpha-3, data nat shown) and cantrel neurons
expressing EGFP (Fig. 4A). Furthermore, the TP alpha-8 variant was significantly more cytoloxic than the AS6F mutant
{Fig. 4A). Since the WST colorimeteric assay estimates not anly the mitochondrial capacity to produce reduced equiv-
alenls but also the decline of mitochondrial aclivity due to diminished cell numbers, numbers of neurans by neuronal
nuclei (NeuN} immunocytochemistry were also counted afler expression of A53T, AS6P and TP alpha-8 variants as well
as EGFP control protein. It was found that the TP mutant was again the most cytotoxic alpha-3 species {(Fig. 4A).
However, while both A53T and ASBP over-expression significantly reduced cottical neuran numbers as compared with
EGFP over-expressian, their effect was not statistically different from each ather as in the WST assay, indicating that
ASGP might exert mare subtle neurotoxic effects not directly leading to neurodegeneration as observed with the TP
mutant. Finally, it was explored whether and which of the alpha-S mutants exerts a specific neurotoxic effect in dopamin-
ergic neurons. Expression of A53T, ASEP and TP alpha-5 resulted in a lower mitochandrial dehydrogenase activity and
a reduced number of surviving neurans than wi and A30P alpha-S and control neurans expressing EGFP (Figure 4A).
Similarly, in primary midbrain cultures the number of dopaminergic neurons was decreasing in the order EGFP = wi =
A30P > AS3T ~ ABBP > TP (Figure 4A). It is important to note that the genetic mutant A30P, in which the single proline
mutation occurs outside the care of alpha-8 fibrils, had a similar effect as wt and A53T alpha-5 in cultured mammalian
neurons {data not shown). This abservation is consistent with a failure o detect neurodegeneration in transgenic mice
overexpressing A30P alpha-3 (Lee et al., supra).

[0139] A strong correlation between delayed formation of and lack of beta-sheet content in fibrils of alpha-S variants
and the strength of PD-related behavioural effects of the alpha-3 variants was found when expressed in animal madels
such as Drosophifa and C. efegans and with increased neurctoxic effects on dopaminergic neurons of both C. efegans
and mammals. These findings highlight the importance of pre-fibrillar, soluble alpha-S species in the pathogenesis and
progression of PD and other neuradegenerative disorders collectively referred to as synucleinopathies and suggest that
the inhibition of alpha-S mutants to form beta-sheets correlates with toxicity. Furthermaore, the corresponding biclogical
effects including the degree of toxicity in the different PD models used here suggest that structure-based design mutants
of alpha-5 provide a powerful tool for the identification of potential therapeutic compounds. In particular, the strong
neurodegenearation exerted by TP alpha-S raises the possibility that cell death and neurodegeneration will be observed
early on in rodent models of PD.
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Example &
Design of alpha-5 variants

[0140] Adesignof alpha-S variants that aims atthe production of loxic species should keep the structural and functional
properties of the respective mullimers nearly constant. The design was based on the conformational properties of the
alpha-8 monomer it solution (Bertoncini, C. W, et al. Proc Natl Acad Sci U 8 A 102, 1430-1435 (2005)). V118 and
M127A are hydrophobic residues that are located in the highly negatively charged C-terminal domain af alpha-S, which
folds back onto the hydrophobic NAC region that is essential for aggregation of alpha-S into amyleid fibrils, To interfere
with the intramolecular interaction between the C-terminal domain and the NAC region of alpha-8, which shields alpha-
S from eelf association, V 118 and M 127 were replaced by alanine.

Cloning, Expression, and Purification of alpha-S Variants

[0141] The following alpha-$ variants were generated as described in Example 1 the single mutants M127A, V118A
and the double mutant V118A+M127A (nat claimed). Based an the intrameclecular interactions observed in monomeric
alpha-3, these mutations are expected to cause a destabilizatian of the folding nucleus of alpha-$ and lead to increased
self-assaciatian,

NMR Spectroscopy

[0142] NMR samples contained ~ 0.2 mM 15N- labelled mutant alpha-5 in 50 mM Na-phosphate buffer, 100 mh NaCl
at pH 7.4 and 90% H,0/M10% D50, The experiments were recorded an a Bruker Avance 600 MHz NMR spectrometer.
The temperature was setto 15 “C unless otherwise stated. Data processing was performed using the software packages
Tapspin {Bruker) and Sparky {Goddard, T. D, Kneller, D.G_, University of Califarnia, 3an Francisco). For chemical shift
analysis, 1H-15N Heteranuclear Single Quanturn Coherene {(HSQC) 2D spectra were recorded.

[0143] NMR spectroscopy showed that substitution of M127 and ¥ 118 by alanine or E or & does not induce rigid
secondary ar tertiary structure. Instead, the small chemical shift dispersion of NMR signals indicates that the variant
alpha-3yn remains highly dynamic and samples a large ensemble of confermations.

C. elegans Experiments

[0144] The C. efegans experiments were cartied out as described above in Example 4. Fig. 16A clearly shows that
worms expressing M127A alpha-3 or A30P+ASG6P+ATGP alpha-3 are statistically more likely to show neurite defects in
comparison to worms expressing either wild-type alpha-S or A30P alpha-5. This data is consistent to the results depicted
in Fig. 168, showing a decreased slowing rate far worms expressing M127A alpha-& or AS0P+ASGP+AYEP alpha-5 in
comparison 1o worms expressing either wild-type alpha-S or AI0P alpha-S.

Yeast Experiments

[0145] Yeast cells were inoculated to an 00800 of 0,1 and incubated under alpha-8 inducing condilions (3C-ura /
Galactose). Total growth was measured at ODB0O0D after 16h of incubation. Thres independent measurements were
perfarmed. Toxicity of the alpha-& variants can be judged by the growth impairment compared to vectar control. Fig. 15
shows a slrong impaired growth for yeast cells expressing M127A alpha-3 and M127A+V118A alpha-3 in comparison
o the vector control, or cells expressing either wild-type alpha-3, A30P alpha-3, or A53T alpha-S.

Discussion

[0146] A better understanding of the relationship between the process of alpha-$ amyloid formation and disease
progression in animal madels for Parkinson's disease is essential for understanding the molecular basis of neurodegen-
eration and the development of effective therapeutic strategies to prevent and treat PD and other synucleinopathies.
We presented a structure-based rational design of alpha-8 mutants and their biophysical properties in viro. The results
establish that alpha-3 mutants that cause reduced fibrillization and beta-structure formation and lead to the farmation
of increased amounts of soluble oligomers can be predicted. We demonstrate that differences in the biaphysical properties
of these mutants translate into "predictable" changes in neuronal toxicity and behavioral defects in neuronal cell cultures
and animal models of synucleinopathies. The structure-based design mutants provide unique toals to dissect the relative
contribution of aligamers and fibrils o alpha-S toxicity and establish the relationship between biophysical propetties of
multimeric alpha-S species and their funetion in different in vvo models.

29



20

25

30

35

40

45

a5

EP 2 328 818 B1

[0147] Therational design of the alpha-3 variants was based an theflexibility of the alpha-3 backbonein the monomeric
state and the location of beta-strands in amyloid fibrils {Bertoncini et al., 2005, supra, Heise et al., 2005). The genstic
mutation A30P is located in a domain that is statically disordered and not part of the core of amylaid fibrils of alpha-5.
We carried the alanine-to-proline replacement right into the center of the beta-strands of amyloid fibrils of alpha-3 {(Figure
14} In agreemeant with the design principle, even the single point mutation AS6P strongly reduced aggregation of alpha-
3 both in vifro (Figure 2) and in living cells {Figure 18). Assuming that only drastic differences in the rate of aggregation
i vitro can be reliably transferred to the in vivo situation, the ASEP mutation was complemented by the triple proline
AJOP/ASBPATEP mutation, which shows impaired farmation of insoluble aggregates in vifro (Figure 2) and in vivo (Figure
19). Al the same time, however, both the AS6P and the AJ0P/ASEP/ATGOP alpha-5 variant showed a strongly increased
propensity to form soluble aligomers (Figure 17). In combination with wf alpha-S, the two structure-based design mutants
allowed a detailed study of the relationship between oligomerization, fibril formation and neurotexicity in animal models
for PD.

[0148] HEK cells, rat primary neurons, C. efegans and Drosophifa that over-express alpha-3 are established madels
for PD. Here we over-expressed the wt protein, the genetic mutants A30P and A53T and the two structure-based design
mutants ABGP and TP alpha-3 in all four of these model systems. The simultanegus use of four model systems was
maotivated by previous reports that over- expression of wi, genetic mutants and phospharylation mimics of alpha-$
induced different degrees of toxicity in different PD model systems. In contrast, expression of the structure-based design
variants AS6P and TP alpha-S caused increased neurotoxicity in all four model systems: increasing impairment to form
fibrils was consistently correlated with increasing neurodegeneration {wf ~ A30P < ASEP < TP) (Figures 3 and 4). This
provides strong evidence for the importance of soluble oligomers as the most toxic species in PD. In agreement with
the importance of soluble oligemers for neurodegeneration, other studies have suggested that aggregation intermediates
are the pathologically relevant species in Alzheimer and Huntington disease.

[0149] A mutational strategy as employed in our study allows correlations between biophysical properties observed
far the mutated proteins in vitro and functional deficits observed in vivo. In agreement with the design principle, the most
dramatic effect observed for the structure-based design variants of alpha-5 was their impaired fibrillation but strongly
enhanced formation of scluble oligomers. In agreement with this design principle, our studies showed that the AS6P
variant of ¢S has an affinity for phospholipid vesicles that is comparable and even slightly higher than A30P alpha-3
{Table 1}. Even far the triple-proline variant TP alpha-3 an anly slightly reduced vesicle-affinity {compared to A30P alpha-
S) was cbserved, suggesting that the alpha-S variants are flexible enough to efficienlly bind to phospholipid vesicles.
Despite the very similar vesicle affinities. however, only the ABGF and A30OP/ASGPIATER variant of alpha-3 showed a
strongly increased neurctoxicity, consistent with their higher propensity to form soluble cligomers.

[0150] Our solid-stale NMR dala of late-slage aggregales of AS6P and TP alpha-3 showed that their morphology is
similar o amyloidfibrils of whalpha-8, however the molecular level structure is strangly changed. Adramatically diminished
heta-sheet rich core was abserved (Figure 10), which suggests that soluble oligomers formed by the structure-based
design variants might also have a reduced ability to adopt beta-structure. Importantly, neurotoxicity of variants of alpha-
S {wt ~ A30P < ASBP < TP alpha-5} in the four model sysiems for PD was inversely correlated with the amount of beta-
structure detected in insoluble alpha-S aggregates (wf ~ AJ0P > AS6P = TP alpha-S) (Figures 2, 4, 18). Thus farmation
of rigid beta-structure might not to be as impartant for neurotoxicity as previously thought.

[0151] In conclusion, our cambined biophysical and in wivo data revealed a strong correlation between enhanced
farmation of saluble oligomers and lack of beta-sheet content in fibrils of alpha-S variants, and neurotoxicity, the strength
of PD-related behavioural effects and survival infour model systems far PD. This provides strong evidence that slructurally
less stable aggregation intermediates of alpha-3 are key players in the pathogenesis and progression of PD and other
neurodegenerative disorders collectively referred to as synucleinopathies. The ability to engineer mutants that promote
and stabilize specific texic intermediates is essenlial not only for understanding lhe struclural basis of alpha-3 toxicily,
hut also for developing diagnostic tools and imaging agents.
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SEQUENCE LISTING
[0153]
<110> Max- Pl anck- Gesel | schaf t zur Férderung der Wissenschafte. V.
<120> Mutant alpha-synuclein
<130> MBL784PC
<160> 5
<170> Patent In version 3.5
210> 1
<211> 140
212> PRT

=<213> Homao sapi ens

<400 1

Met Asp Val Phe Met Lys Gy Leu Ser Lys Ala Lys Gu Gy ¥a| Val
1 5

Ala Ala Ala Qu Lys Thr Lys An Gy Vval Ala JQu Ala Ala Ay Lys
20 25 30

Thr Lys Gu Ay Val Leu Tyr Val Gy Ser Lys Thr Lys Gu Gy Val

Val Hs Gy Val Ala Thr Val Ata GQu Lys Thr Lys Gu G n val Thr
50 55 60

Asn Val Gy Gy Ala Val val Thr Gy Val Thr Ala Val Ala Gn Lys
65 70 75 80

Thr Val Gu Gy Alady Ser lle Ala Ala Ala Thr dy Phe Val 'Lys
85 90 g5

—_
-~
Lo I et

Lys Asp Gn Leu Gy Lys Asn Gu Gu Gy Aa Pro Gn
100 105

Gy lle

leu Gu Asp Met Pro Val Asp Pro Asp Asn Qu Ala Tyr du Met Pro
5 120 125

Ser Qu du Gy Tyr @n Asp Tyr Gu Pro Qu Ala
130 135 140

<210> 2
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<211= 21
<212> ONA
<213> Artificial

<220>
<223> Primer for det er rri ni ng the integration site in transgenic flies

<400 2
act gasat ot gecaagaagt a 21

210> 3
<211> 24
<212> DNA
<213> Artificial

<220>
<223> Primer far the determination af the integration site in transgenic flies

<400> 3
geaauamaagt atat ¢t et at gacc 24

210> 4
<211> 20
=212> DNA
<213% artificial

220>
<223> forward primer for detection of alpha-synucl ein

<400> 4
cagggtgtgg cagaageage 20

<210= 5
<211=> 20
<212> DNA
<213= artificial

<220
=223> reverse primer for detection of alpha-synuclein

<400> 5
ot get gt cac accegt cace 20

Claims

1. A mutant alpha-synuclein with increased toxicity compared to wild-type alpha-synuclein having the amino acid
sequence shown in SEQ ID NO: 1, or a homologue thereof, wherein the mutant alpha-synuclein or homologue
thereof comprises at least one amino acid substitution at the alanine at position 36 {A56), wherein AS6G is substituted
by a proling (P} residue.

2. The mutant or homologue of claim 1, further comprising an amino acid subsiitution at the alanine at position 76
{A76), wherein A75 is substituted by glutamic acid (E), aspartic acid (D), or a proline {P) residus.

3. The mutant ar hamalogue of claim 1 or 2, further comprising a non-conservative amino acid substitution at the
methianine at position 127 (M127) and at the valine at position 118 (V118).

4, The mutant or homelogue of any one of claims 1 to 3, further comprising the substitution A30P.
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The mutant or homelogue of any of the preceding claims, wherein A78 is substituted by a proline residue.

The mutant or hamealogue of any of claims 3 ar 4, wherein M127 and/or VY118 is substituted by alanine (A}, glutamic
acid (E), or aspartic acid (D). preferably by alanine.

The mutant or homaologue of any of the preceding claims, further comprising at least one of the substitutions E13K,
Q24K, E35K, WV37P, L3BP, Y39C, Y39A, V40P, V40D, K45E, E46K, V4BP, V4GP, AS0P, V52P, A53T, T58P, EB1K,
VB3P, TadP, NG65P, V66S, VBGP, G67P, C68P, GB8T, G68Y, AGIP, AG3T, AB9V, AG9K, VYOG, V7OT, V7OP, VT7GOF,
V71T, VTIK, T72P, T72V, T72E, V74D, V74E, V744G, V74T, T75P, TT5K, V77T, A78T, T81P, V82K, EB3K, EB3P,
ABIP, ADDP, VOG5S, Y1258A, Y133A, Y136A.

The mutant ar hamologue of any of the preceding claims, whergin 1 to 40 amino acids of the C-terminal end are
deleted.

The mutant ar homologue of any of the preceding claims, wherein the fibril formation ability of the mutant alpha-
synuclein or homolague is decreased compared to wild-type alpha-synuclein.

A polynucleotide encoding the mutant alpha-synuclein or homeologue thereof according 1o any of the preceding
claims, or an expression vector comprising said polypucleotide.

A cell comprising the polynucleotide or expression vector according to claim 10; in particular wherein the cell is a
yeast cell or an invertebrate cell, preferably a cell of C. elegans or D. melanogaster; or wherein the cell is a vertebrate
cell, preferably a mammalian cell, mare preferably a mouse, a rat, or a primate cell, in particular @ non-human
embryanic stem cell; most preferably whergin the cell is a dopaminergic neuronal cell.

A non-human animal compriging the polynuclectide aceording to claim 10 or a non-yeast cell according te claim 11,
wherein the non-human animal is an invertebrate, preferably C. elegans, ar D. melanogaster; ar a veriebrate,
preferably a mammal, mare preferably a mouse, a rat, or a primate.

A method for identifying a substance that prevents or reduces toxicity of alpha-synuciein to a test cell, the method
comprising:

{a) culturing the cell according to claim 11;

{b) contacting the cell with a test substance; and

{c) comparing the cell viability of the cell subjected to step (b} with the cell viability of a correspending cell
subjected to step (a), but not step {b};

wherein an increase in the cell viability of the cell subjected to step (b} compared ta the cell viability of a correspanding
cell subjected to step (a}, but not step (b), is indicative of the capahility of the substance to prevent ar reduce toxicity
of alpha-synuclein.

A metheod far identifying a substance that prevents or reduces toxicity of alpha-synuclein to a test animal, the method
comprising:

{a) providing a nan-human animal according to claim 12 to which a test substance has been administrated, and
{b) comparing the result of a suitable test selected from the group consisting of tests for the lacometion, sleeping
behavior, circadian rhythm, behavior, lifespan, retinal degeneration andfor the neuronal degeneration for the
non-human animal subjected to step (a)

with the result of the same test for a corresponding nen-human animal to which no test substance has been
administrated

wherain a difference in the result, is indicative of the capability of the substance to prevent or reduce toxicity of
alpha-synuclein.

A method for identifying a substance that prevents or reduces toxicity of alpha-synuclein to a test animal, the method
comprising:

{a) providing a non-human animal according to claim 12 and subjecting said non-human animal to a suitable
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test selected from the group consisting of tests far the locomation, sleeping behavier, circadian rhythm, behavior,
retinal degeneration and/or the neuranal degenearation;

{b} subjecting the animal to the same test after a test substance has been administrated; and

{c) comparing the result obtained in step {b) with the result obtained in step (a);

wherein a difference in the result of said test for step (a) in comparison to step (k) is indicative.

Patentanspriiche

1.

10.

1.

12.

13.

Mutiertes alpha-Synuklein mit erhdhter Toxizitat im Vergleich zu Wildtyp alpha-Synuklein mit der in SEQ 1D NO: 1
gezeigten Aminosiuresequenz, ader ein Homolog davan, waobei das mutierte alpha-Synuklein oder Homalog davon
mindestens eine Aminosauresubstitution an dem Alanin an Position 56 (A56) umfasst, wobei AB6 durch einen Pralin
{P}-Rest substituiert ist.

Mutante ader Homalog nach Anspruch 1, des Weiteren umfassend eine Aminosduresubstitution an dem Alanin an
Position 76 (A78), wobei A76 durch Glutamins&ure (E), Asparaginsiure (D), oder einen Prolinrest {F) substituiertist.

Mutante cder Homelog nach Anspruch 1 oder 2, des Weiteren umfassend eine nicht-konservative Aminosauresub-
stitution an dem Methianin an Position 127 (M127) und an dem Valin an Position 118 (V118).

Mutante ader Homaolog nach einem belisbigen der Anspriiche 1 bis 3, des Weiteren umfassend die Substitution A30P.

Mutante oder Homolog nach einem beliebigen der vorhargehanden Anspriiche, wobei A76 durch einen Prolinrest
substituiert ist.

Mutante oder Homalog nach einem beliebigen der Anspriiche 3 oder 4, wabei M127 undfoder V118 durch Alanin
(A}, Glutaminséure (E), oder Asparaginsaure (D) substituiert istfsind, vorzugsweise durch Alanin.

Mutante eder Homolognach einem beliebigender vorhergehenden Anspriiche, des Weiteren umfassend mindestens
eine der Substitutionen E13K, Q24K E35K, V37P, L38P, Y339C, Y39A, V40P, V40D, K45E, E4GK, V48P, V49P,
AB0OP, V52P, AS3T, TS9P, EB1K, VB3P, TE4P, N&5P, VEBS, VBEF, GB7P, GBABP, G6BT, GBBY, AGIP, ABST, AGaY,
ABOK, V700G, VTOT, VY0P, V7OF, VT1T, V71K, T72P, T72V, T72E, V74D, V74E V74G, V74T, T75P, T78K, V77T,
AT78T, T81P, VB2ZK, EB3K, EBIP, ABOP, ABOP, V953, Y125A, Y1213A, Y136A.

Mutante oder Homaolog nach einem beliebigen der vorhergehenden Anspriiche, wobei 1 bis 40 Aminosduren des
C-terminalen Endes deletiert sind.

Mutante oder Homolog nach einem beliebigen der varhergehenden Anspriche, wobei die Fibrillenbildungsfahighkeit
des mutierten alpha-Synuklein oder Homologs im Vergleich zu Wildtyp alpha-Synuklein verringert ist.

Polynukleotid, kadierend das mutierte alpha-Synuklein oder Homolog davon gemak einem beliebigen der vorher-
gehenden Anspriiche, oder ein das Polynuklectid umfassender Expressionsvektor.

Zelle, umfassend das Polynukleotid oder den Expressiansvektor gemani Anspruch 10; insbesondere wobeidie Zelle
eine Hefezelle oder eine Invertebratenzelle ist, vorzugsweise eine Zelle von €. elegans oder D, mefanogaster, oder
wobei die Zelle eine Vertebratenzelle ist, vorzugsweise eine Sdugerzelle, starker bevorzugt eine Maus-, eing Ratten-
oder eine Primatenzelle, insbesondere eine nicht-humane embryonale Stammzelle; am stérksten bevorzugt wobei
die Zelle eine dopaminergische neuronale Zelle ist.

Nicht-humanes Tier, umfassend das Palynukleotid gem&BR Anspruch 10 oder eine nicht-Hefe-Zelle gemai Anspruch
11, wobei das nicht-humane Tier ein Inverigbrate ist, vorzugsweise £ elegans oder D). melanogaster, oder &in

Vertebrate, vorzugsweise ein Sauger, starker bevorzugt eine Maus, eine Ratte, oder ein Primat.

Verfahren zum ldentifizieren einer Substanz, die gegenliber einer Testzelle der Taxizitat von alpha-Synuklein vor-
beugt oder diese reduziert, wobei das Verfahren umfasst:

{a) Kultivieren der Zelle gemaf Anspruch 11;
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{b} In-Kantakt-Bringen der Zelle mit einer Testsubstanz; und
{c) Vergleichen der Zell-Lebensidhigkeit der Zellg, die Schritt {b) unterzogen wurde mit der Zell-Lebensfahigkeit
einer entsprechenden Zelle, die Schritt {a) unterzogen wurde, aber nicht Schritt {b};

wabel eine Zunahme der Zell-Lebensfahigksit der Schritt (b unterzogenen Zelle im Vergleich zu der Zell-Lebens-
féhigkeit der Schritt (a), aber nicht Schritt (b} unterzogenen Zelle indikativ fiir die Fahigkeit der Substanz ist, der
Toxizitat von alpha-Synuklein vorzubeugen oder diese zu reduzieren.

14, Verfahren zum |dentifizieren einer Substanz, die gegeniber einem Versuchstier der Toxizitat von alpha-Synuklein
vorbeugt oder diese reduziert, wobel das Verfahren umfasst:

{a} Bereitstellzn eines nicht-humanen Tiers gemalk Anspruch 12, an das eine Testsubstanz verabreicht worden
ist; und

{b} Vergleichen des Ergebnisses eines geeigneten Tests, ausgewahit aus der Gruppe, bestehend aus Tests
der Fartbewegung, Schlafverhalten, circardianen Rhythmus, Verhalten, Lebenszeit, retinaler Degeneration
und/oder der neuranalen Degeneration flir das Schritt (a) unterzogene nicht-humane Tier

mit dem Ergebnis des gleichen Tests flr ein enisprechendes nicht-humaneas Tier, an das keine Testsubstanz
verabreicht worden ist;

wabei ein Unterschied indem Ergebnis flr die Fahigkeit der Substanz indikativ ist, der Toxizitst von alpha-Synuklein
vorzubeugen oder diese zu reduzieren.

15. Verfahren zum |dentifizieren einer Substanz, die gegeniiber einem Versuchstier der Toxizitdt von alpha-Synuklein
vorbeugt oder diese reduziert, wobei das Verfahren umfasst:

{a) Bereitstellen eines nicht-humanen Tieres gemalk Anspruch 12 und Unterziehen des nicht-humanen Tieres
eines geeigneten Tests, ausgewahlt aus der Gruppe, bestehend aus Tests der Fortbewegung, Schlafverhalten,
circardianen Rhythmus, Verhalten, Lebenszeit, retinaler Degeneration und/oder der neuranalen Degeneration;
{b) Unterziehen des Tieres dem gleichen Test nachdem eine Testsubstanz verabreicht worden isl; und

{c) Vergleichen des in Schritt () erhaltenen Ergebnisses mit dem in Schritt (@) erhaltenen Ergebnis;

wabei ein Unterschied in dem Ergebnis des Tests fir Schrilt (@) im Vergleich zu 3chritt (b)Y indikaliv isL.

Revendications

1.  Alpha-synucléine mutante présentant une toxicité accrue comparée a lalpha-synucléine de typs sauvage ayant la
sequence d’acides aminés présentée dans SEQ 1D NO: 1, ou homologue de celle-ci, dang laguelle 'alpha-synucléine
mutante ou 'homologue de celle-ci comprend au moinsg une substituiion d'acide aming 4 I'alanine & la position 56
{A58), dans laguelle ABG est remplacée par un résidu proline {P).

2. Mutant ou homalogue selon la revendication 1, comprenant en outre une substitution d'acide aminé & l'alanine 4 la
position 76 (A76), dans lequel A76 est substituée par I'acide glutamique (E}, I'acide aspartique (D), ou un résidu

proline (P},

3. Mutantou homelogue selon la revendication 1 ou 2, comprenant en outre une substitution non conservatrice d'acide
aming a la méthionine & la position 127 (M127) et & 1a valine a la position 118 {V¥118).

4. Mutant ou homalogue selon I'une quelcenque des revendications 1 a 3, comprenant en outre la substitution A30P.

5. Mutant ou hamologue selon I'une guelcongue des revendications précédentes, dans lequel A76 est substituée par
un résidu proline,

6. Mutantouhamologue selonl'une quelecngue des revendications 3 ou 4, dans lequel M127 et/ou V118 est substituée
par 'alanine (A}, 'acide glutamique {E), au l'acide aspartique (D), de préférence par I'alanine.

7.  Mutantou homologue selon I'une guelcongue des revendications précédentes, camprenant en autre au mains 'uneg
des substilutions E13K, Q24K, E35K, V37P, L38P, Y39C, Y30A, V40P, V40D, K45E, E46K, V48P, V49P, AS0P,
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V52P, AS3T, THEP, EG1K, VB3P, T64P, N65P, VBBS, VOGP, GB7P, GO8P, GOBT, G638V, AGSP, AGDT, ABBY, AGYK,
V70G, V70T, V70P, VTOF, V71T, V71K, T72P, T72V, TT2E, V74D, VT4E, VT4G, V74T, T75P, T75K. V77T, A78T,
T81P, V82K, EB3K, E83P, ASOP, AGOP, VO5S, Y125A, Y133A, Y138A.

Mutant ou homeologue selon I'une quelcongue des revendications précédentes, dang lequel 1 4 40 acides aminés
de 'extrémité C-terminale sont délétés,

Mutantou homelogue selon I'une guelcongue des revendications précedentes, dans lequel |a capacité de formation
de fibrilles de l'alpha-synucléine mutante ou de Fhomaologue est diminuée par rapport & 'alpha-synucléine de type
sauvage.

Polynucléatide codant pour I'alpha-synucléine mutante au 'lhamalogue de celle-ci selon 'une quelconque des re-
vendications precédentes, ou un vecteur d'expression comprenant ledit palynucléotide.

Cellule comprenant le palynucléctide ou le vecteur d'expression selon la revendication 10 ; en particulier dans
laquelle la cellule est une cellule de levure ou une cellule d'invertébreé, de préférence une cellule de €. elegans ou
D. melanogaster ; ou dans laquelle la cellule est une cellule de veriebré, de préférence une cellule de mammifére,
plus préférablement une cellule de souris, de rat ou de primate, en particulier une cellule souche embryonnaire non
humaine ; de maniére préférée entre toutes dans laguelle |a cellule est une cellule neuronale dopaminergigue.

Animal non humain comprenant le polynuciéotide selon la revendication 10 cu une cellule non-levure selon la
revendication 11, dans lequel Fanimal non humain est un invertébré, de préférence C. elegans ou D. melanogaster ;
ou un vertébré, de préference un mammifére, plus préférablement une souris, un rat ou un primate.

Procédé pour identifier une substance quiempéche ouréduit |z toxicitd de I'alpha-synucléine sur une cellule d'essai,
le procédé comprenant .

{a} la culture de la cellule selon la revendication 11 ;

{b} la mise en contacl de la cellule avec une substance a tesler; et

{c) la comparaison de la vighilité cellulaire de la cellule soumise & I'étape (b) avec la viabilité cellulaire d'une
cellule correspondante soumise a I'étape (a), mais pas a 'étape (b} ;

dans lequel une augmentation de la viahilitg cellulaire de la cellule soumise & I'étape (b) comparée a la viabilité
cellulaire d'une cellule carrespondante soumise a 'étape (a), mais pas a l'étape (b}, est indicatrice de la capacité
de la substance 4 empé&cher ou réduire la toxicité de 'alpha-synucléine.

Procédé pour identifier une substance qui empéche ou réduit |a toxicité de lalpha-synucléing sur un animal expé-
rimental, le procéde comprenant :

{a} la fourniture d’un animal nan humain selan |1a revendication 12 auguel une substance & tester a été admi-
nistree, sl

{b) la comparaison du résultat d’un test approptié choisi dans le groupe canstitué par les tests de la locomation,
ducompartement du sommeil, du rythme circadien, du comportement, de la durée de vie, de la dégénérescence
retinienne elfou de la degénérescence neuranale pour I'animal nan humain soumis & 'élape {a) avec lz résullal
du méme test pour un animal nen humain correspondant auquel aucune substance a tester n'a gté administrée

dans lequel une différence dans le résultat est indicatrice de |a capacité de 1a substance & empécher ou réduire la
toxicité de I'alpha-synucléine.

Procédé pour identifier une substance gui empéche ou réduit |a toxicité de lalpha-synucléine sur un animal expé-
rimental, le procéde comprenant :

{a} la fourniture d'un animal non humain selan la revendication 12 et la soumission dudit animal non humain &
un test approprié choisi dans le groupe conslitué par les tesls de la locomaetion, du caompartement du sommeil,
durythme circadien, du comportement, de ladégénérescence rétinienne et/oude ladégénérescence neuronale ;
{b} la soumissian de I'animal au méme test apres qu’une substance & tester a été administree ; st

{c) la comparaison du résultat abtenu a l'élape (b) avec le résultat obtenu 4 'étape (a) ;

7
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dans lequel une difference dans le resultat dudit test pour I'étape (a) en comparaisan & I'etape (b) est indicatrice.
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