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A JOURNAL OF NEUROLOGY

A de novo compound targeting a-synuclein
improves deficits in models of Parkinson’s
disease

Wolfgang Wrasidlo,'* Igor F. Tsigelny,''*" Diana L. Price,> Garima Dutta,*

Edward Rockenst:ein,I Thomas C. Schwarz,S Karin Ledolter,S Douglas Bonhaus,3

Amy Paulino,3 Simona Eleuteri,' Age A. Skjevik,z’6 Valentina L. Kouznetsova,’

Brian Spencer,' Paula Desplats,' Tania Gonzalez-Ruelas,' Margarita Trejo-Morales,’'
Cassia R. Overk,' Stefan Winter,2 Chunni Zhu,4 Marie-Francoise Chesselet,4 Dieter Meier,?
Herbert Moessler,® Robert Konrat® and Eliezer Masliah'"’?

*These authors contributed equally to this work.

Abnormal accumulation and propagation of the neuronal protein a-synuclein has been hypothesized to underlie the pathogenesis of
Parkinson’s disease, dementia with Lewy bodies and multiple system atrophy. Here we report a de novo-developed compound
(NPT100-18A) that reduces a-synuclein toxicity through a novel mechanism that involves displacing a-synuclein from the mem-
brane. This compound interacts with a domain in the C-terminus of a-synuclein. The E83R mutation reduces the compound
interaction with the 80-90 amino acid region of a-synuclein and prevents the effects of NPT100-18A. In vitro studies showed that
NPT100-18A reduced the formation of wild-type a-synuclein oligomers in membranes, reduced the neuronal accumulation of a-
synuclein, and decreased markers of cell toxicity. In vivo studies were conducted in three different a-synuclein transgenic rodent
models. Treatment with NPT100-18A ameliorated motor deficits in mThy1 wild-type a-synuclein transgenic mice in a dose-
dependent manner at two independent institutions. Neuropathological examination showed that NPT100-18A decreased the
accumulation of proteinase K-resistant a-synuclein aggregates in the CNS and was accompanied by the normalization of neuronal
and inflammatory markers. These results were confirmed in a mutant line of a-synuclein transgenic mice that is prone to generate
oligomers. In vivo imaging studies of a-synuclein-GFP transgenic mice using two-photon microscopy showed that NPT100-18A
reduced the cortical synaptic accumulation of a-synuclein within 1h post-administration. Taken together, these studies support the
notion that altering the interaction of a-synuclein with the membrane might be a feasible therapeutic approach for developing new
disease-modifying treatments of Parkinson’s disease and other synucleinopathies.
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Introduction

Progressive accumulation of the synaptic protein o-synu-
clein (encoded by SNCA) is proposed to have a critical
role in the pathogenesis of Parkinson’s disease, dementia
with Lewy bodies and multiple system atrophy, jointly
denominated synucleinopathies (Spillantini et al., 1997,
Wakabayashi et al., 1998; McKeith et al, 2005).
Approximately 10 million people worldwide are affected
by synucleinopathies, and currently no disease-modifying
therapy is available. The precise mechanisms resulting in
pathological accumulation of a-synuclein are not fully
understood; however, evidence suggests that alterations in
the rate of synthesis (Farrer ef al., 2001; Singleton et al.,
2003, 2013; Tan and Skipper, 2007; Fujioka et al., 2014),
aggregation (Polymeropoulos et al., 1997; Kruger et al.,
1998; Lashuel er al.,, 2002), and clearance might be
involved (Crews et al., 2010; Dehay et al., 2013; Xilouri
et al., 2016).

a-Synuclein accumulation is proposed to lead to neuro-
degeneration via the formation of toxic oligomers (Lashuel
et al., 2013) with possible prion-like propagation from cell-
to-cell (Brundin et al., 2010; Lee et al., 2010; Luk et al.,
2012). a-Synuclein oligomers, varying widely in size, shape
and conformation, might contribute to neurodegeneration.
Some studies propose that small- or intermediate-sized
oligomers are toxic (Conway et al., 2000), while other
studies suggest that larger molecular weight aggregates
are involved (Bucciantini et al., 2002; Cremades et al.,
2012). An alternative explanation has been that free o-
synuclein, not organized as a tetramer, might be toxic
(Bartels et al., 2011).

Supporting the possibility that higher-order a-synuclein
aggregates are toxic, molecular dynamic simulation and
biophysical studies provided evidence that a-synuclein bind-
ing and subsequent penetration of the neuronal membrane
are important events in this process (Bortolus et al., 2008;
Tsigelny et al., 2008; van Rooijen et al., 2010). Thus, inter-
actions between a-synuclein and lipids in the neuronal cell
membrane are proposed as an important step in the process
of oligomerization and cytotoxicity (Beyer, 2007; Tsigelny
et al., 2012). Therefore strategies directed at displacing o-
synuclein from the membrane, increasing degradation and
clearance, preventing aggregation, or decreasing o-synuclein
synthesis might represent reasonable therapeutic strategies.

Previous studies have targeted o-synuclein aggregates by
means of antibodies (Games et al., 2013), proteolytic

enzymes (Spencer et al., 2013) and with small molecules
(Toth et al., 2014) that decrease o-synuclein aggregation
or fibrillation. Using computational analysis, we showed
that formation of a-synuclein propagating dimers in the
membrane is an early step in the development of toxic o-
synuclein oligomers (Tsigelny et al., 2008, 2012) and that
targeting the C-terminus of o-synuclein with peptidomi-
metic compounds might be therapeutically relevant. We
have recently synthesized a library of 34 peptidomimetic
analogues targeting o-synuclein and identified NPT100-
18A as the most promising (Patent #8,450,481). Here we
investigated the therapeutic potential of these novel cyclic
peptidomimetic compounds with a pirimido-pyrazine scaf-
fold by in silico and biophysical methods. NPT100-18A is
proposed to potentially interact with a-synuclein in the
membrane and reducing toxic oligomer formation. Cell-
based and in vivo experiments in three different a-synuclein
transgenic models showed that NPT100-18A ameliorated
behavioural deficits and neurodegeneration supporting the
possibility that targeting the early process of a-synuclein
oligomerization on the membrane might be a viable thera-
peutic approach for synucleinopathies.

Material and methods

Further details and full protocols can be found in the
Supplementary material.

Chemical synthesis of NPT100-18A

Briefly, NPT100-18A was developed de novo by molecu-
lar modelling methods targeting a C-terminus domain of
a-synuclein, which is important for dimerization and
membrane penetration (Fig. 1). NPT100-18A is a cyclic
peptidomimetic compound with a pirimido-pyrazine scaf-
fold that was derived from small peptides (e.g.
KKDQLGK) analogous to the 96-102 domain of a-synu-
clein (Patent #8,450,481). A complete description of the
design and synthesis is provided in the Supplementary
material.

a-Synuclein pharmacophore model-
ling and NPT100-18A docking

Formation of a-synuclein propagating dimers in the mem-
brane is an early step in the generation of toxic a-synuclein
oligomers, and interactions between a domain in residues
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Figure | Molecular dynamics modelling studies of the mechanisms of NPT100-18A interactions with a-synuclein in lipid
membranes. (A) Frequent place of binding of NPT 100—18A. The compound mimics one of the regions of a-synuclein that most frequently binds
to anther o-synuclein molecule during oligomerization leading to annular structures. (B) Close-up of the region in A. Residues interacting
between the neighbouring a-synuclein molecules in the dimer that propagates to an annular oligomer. (C) Close-up of the region in A and B. The
NPT 100-18A is presented as a space-filling model with the atoms colour-coded by the type: red, oxygen; blue, nitrogen; green, carbon. (D)
Energies of interaction for the membrane and a-synuclein dimers are significantly less favourable in the presence of NPT 100- | 8A indicating that o-
synuclein was less likely to propagate to annular structures. (E) Frequent binding location for NPT 100—18A on the E83R a-synuclein mutant. In
this case the mutation most likely alters the a-synuclein molecule, which resulted in abolishment of compound activity. (F) Magnification of
residues that interacts between the mutant a-synuclein molecules. (G) Frequent position of the compound on the a-synuclein molecule. (H)
Energies of interaction with the membrane of a-synuclein dimers that propagate to higher oligomers did not diminish despite compound binding.
(I) Scheme of the compound function. The dimers and trimers created on the surface of the membrane can propagate to the annular structures or
in the presence of the compound (red pentagon) the a-synuclein conformation changed effecting the formation of dimers and trimers in the

membrane. ***P < 0.0| by Student t-test. wt = wild-type.

96-102 in one a-synuclein and 80-90 in the parent a-synu-
clein are important in this process (Tsigelny et al., 2008,
2012). Using this model, we predicted that docking a cyclic
peptidomimetic molecule in between the sites of interaction
of the a-synuclein monomers forming the propagating
dimer would interfere the formation of toxic o-synuclein
species (Patent #8,450,481). Molecular dynamic simulation
studies were performed to characterize the possible binding
position of NPT100-18A and analogues within wild-type
or mutant o-synuclein dimers and to examine the effects
of these interactions with the ability of a-synuclein to

bind the membrane and form propagating dimers and
oligomers.

Synthesis of wild-type and E83R
mutant a-synuclein

Recombinant human o-synuclein was used for the nuclear
magnetic resonance (NMR) and cell free immunoblot stu-
dies. Escherichia coli BL21 heat competent cells were trans-
formed with wild-type human a-synuclein and E83R.
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Nuclear magnetic resonance studies
of NPT100-18A interactions with
micelle-bound a-synuclein

NMR spectra were recorded on Varian Inova 800 MHz
and Bruker Avance 800 MHz spectrometers with 10%
D,0 as lock solvent. Spectra were processed using NMR
Pipe (Delaglio et al., 1995). All measurements were carried
out at pH 6.5 and 35°C with a protein concentration of
0.4mM and 0.4mg/ml POPG (1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoglycerol). 'H-'>N  correlation spectra
were recorded with Rance-Kay detected sensitivity
enhanced heteronuclear single quantum coherence

(HSQCS) (Cavanagh et al., 1991; Kay et al., 1992).

Neuronal cells, lentiviral vectors and
treatments

The lentivirus wild-type a-synuclein vector (LV-wt-a-syn)
was previously characterized (Bar-On et al., 2008). LV-a-
syn E83R was prepared by site-directed polymerase chain
reaction (PCR) mutagenesis (Agilent Technologies).
Lentiviruses were packaged by transient transfection of
the three packaging plasmids and the vector plasmid in
293T cells, as previously described (Tiscornia et al.,
2006; Spencer et al., 2009). Primary neuronal cells (cor-
tical, mouse, embryonic Day 18) were used for the
in vitro experiments (Eleuteri et al., 2015).

Preparation of in vitro cell-free a-
synuclein aggregates with artificial
lipid membranes and electron
microscopy analysis

A synthetic lipid monolayer was generated as described
(Ford et al., 2001). Briefly, S6cholesterol, phosphatidyletha-
nolamine and phosphatidylcholine (all from Sigma-Aldrich)
were dissolved in chloroform at a concentration of 10 mg/
ml. Phosphatidylinositol-4,5-biphosphate (Sigma-Aldrich)
was dissolved at 1 mg/ml in 3:1 chloroform:methanol.

Animals and treatments

University of California San Diego (UCSD) and University of
California Los Angeles (UCLA) are IACUC accredited insti-
tutions and the Animal Subjects Committee at each institu-
tion approved the experimental protocol followed in all
studies according to the AAALAC International guidelines.
At UCSD, all behavioural testing procedures were performed
under UCSD TACUC Protocol S02221. The following o-
synuclein transgenic mouse lines were used: (i) mThyl-wt-
a-syn transgenic (line 61); (i) mThy1-E57K-a-syn transgenic
(line 16); and (iii) PDGFB-wt-ai-syn-GFP (line 78) transgenic
mice. Additional information about each animal line as well
as initial behavioural and dose-finding studies is provided in
the Supplementary material.

W. Wrasidlo et al.

Pharmacokinetic studies

Pharmacokinetic studies to determine the plasma and brain
distribution of NPT100-18A were performed after acute
intravenous injections at one of five doses (0.1, 1, 5, 10,
20 mg/kg, intravenously) and 20 mg/kg intraperitoneally
(SAI-Life Sciences). Three mice per group per time point
(0, 0.08, 0.25, 0.5, 1, 2, 4, 8, 24, and 48 h) were assessed
for a total of 150 mice.

Behavioural testing

At UCSD, round beam data were collected using a custom
built apparatus consisting of two removable Delrin® acetal
plastic rods (3 and 1cm diameter) on a smooth acrylic
frame elevated 17.5 to 22.5cm above a testing bench.

Reproducibility study at UCLA

Studies at UCLA were performed under IACUC protocol
1996-092. In agreement with the studies at UCSD, mThy1-
o-syn transgenic and non-transgenic littermate mice (3
months old, males) were used. Studies at UCLA included
evaluations on the challenging beam traversal test and an
open field locomotor assessment.

Real-time polymerase chain reaction
analysis

Total RNA was isolated from mice brains using the RNeasy®
Lipid mini kit (Qiagen) and was reverse transcribed using
RT? First Strand kit (Qiagen) from 1pg of total RNA.

Real-time PCR analysis was performed wusing the
StepOnePlus” real-time PCR system (Applied Biosystems).

Two-photon live imaging of synapses
in a-synuclein-GFP transgenic mice

For these experiments the PDGF-o-syn-GFP transgenic
mouse model was used. A total of 12 transgenic male
mice (6 months of age, # =6 vehicle and #n =6 NPT100-
18A) were used.

Immunoblot analysis of a-synuclein

As previously described, neuronal cell lysates or brains
were homogenized and divided into cytosolic and particu-
late (membrane) fractions (Spencer et al., 2009; Crews

et al., 2010).

Immunocytochemical and neuro-
pathological analysis

Analysis of a-synuclein accumulation was performed in
serially sectioned, free-floating vibratome sections.
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Image analysis and stereology

Sections immunostained with antibodies against o-synu-
clein, TH, and GFAP were analysed with a digital
Olympus bright field digital microscope (BX41). For each
case a total of three sections (four digital images per section
at 400 x magnification) were obtained from the neocortex,
striatum and hippocampus and analysed as previously
described with the Image] program (NIH) to obtain optical
density, levels were corrected to background.

Double immunolabelling and confocal
microscopy analysis

To determine the co-localization between CT-a-syn and the
synaptic marker synaptophysin (SY38) or the neurofilament
marker SMI312, double-labelling experiments were per-
formed as previously described (Spencer et al., 2009).

Electron microscopy and immuno-
gold analysis

Vibratome sections from the non-transgenic and o-synu-
clein transgenic mice were post-fixed in 1% glutaraldehyde,
treated with osmium tetroxide, embedded in Epon® araldite
for ultramicrotome sectioning and electron microscopy
(Masliah et al., 2011).

Data processing and statistical
analysis

Raw data from the behavioural tests were recorded by hand
and then entered into MS Excel for subsequent analysis and
graphing using GraphPad Prism (GraphPad Software, Inc.,
La Jolla, CA). The dependent measures for performance on
each assay were determined for each animal and presented
as the mean = the standard error of the mean (SEM). Group
means were determined for each measure and analysed by
either a one-way ANOVA, regular or repeated measure fol-
lowed by post hoc comparisons using Dunnett’s or Tukey’s
multiple comparisons tests, as appropriate. The criterion for
statistical significance was P < 0.05.

Results

Molecular modelling studies of
NPTI100-18A docking to a-synuclein
dimer

Previous studies showed that a-synuclein oligomerization
could be initiated by dimerization on membrane surfaces.
Further molecular dynamic studies suggest that interactions
between amino acids (aa) 96-102 of one a-synuclein mol-
ecule with aa 80-90 of the complementary o-synuclein mol-
ecule are important in this process. Using this information

BRAIN 2016: 139; 3217-3236 | 3221

on the 96-102 B-turn domain region, we developed a
pharmacophore model for designing small molecule pepti-
domimetics that can interact with this domain. This
pharmacophore in the 96-102 region has five distinct dock-
ing centres including four that are electrostatic and one
hydrophobic in nature (Supplementary Fig. 1C). This 96—
102 amino acid region represents a B-turn domain and is
important as a recognition motif for protein interactions.
Next, we designed 34 compounds (Supplementary Fig. 1B)
that were docked into the five docking centres of the
pharmacophore model to assess the geometric and molecu-
lar interactions of each of the analogues. Compared to the
other 33 analogues, NPT100-18A had the closest fit to
each docking centre. Further molecular dynamic simula-
tions showed that NPT100-18A also interacted most fre-
quently with residues 81 (Thr), 82 (Val) and 83 (Glu)
(Supplementary Fig. 1E) of the a-synuclein dimerization
partner. The active centres of the compound mimic the
corresponding residues of a-synuclein C-terminus domain
(Fig. 1B) and prevented the formation of the dimer and
membrane interactions (Fig. 1D).

Further confirmation of the pharmacophore model
(Supplementary Fig. 1C) was obtained by the use of the
ICM (Molsof) software that identifies binding pockets.
Using ICM software, we confirmed that the 96-102 aa
region of a-synuclein constituted a binding pocket
(Supplementary Fig. 2A—C). For each of the 34 analogues,
three values were generated, first a score for the degree of
interaction with the pocket (based on the ICM generated
binding model) and second the polar surface area and par-
tition coefficient (logP) (Supplementary Fig. 2D). Compared
to the other 33 analogues, NPT100-18A had the most fa-
vourable score (—3.57), polar surface area (84), and logP
(4.32) (Supplementary Fig. 2D).

To further validate our model, we identified mutations in
the aa 96-102 pharmacophore region and in the dimeriza-
tion neighbour region aa 80-90, which allowed dimeriza-
tion but affected NPT100-18A interactions. Using
molecular dynamic simulations we found that mutations
in the 96-102 aa region destabilized o-synuclein in such a
way that will disrupt dimerization, therefore mutations on
the 80-90 regions were considered a better choice because
the mutations caused the least structural changes in con-
formation. Using molecular dynamic simulations we found
that the a-synuclein (E83R) mutation abrogated the forma-
tion of the H-bond between NPT100-18A and the C-ter-
minus of o-synuclein (Fig. 1E-G). As expected, this
mutation led to a shift in the docking site of NPT100-
18A from the E83R position to residues 90, 92, 93 (Fig.
1E-G). In this new location, NPT100-18A was outside of
the interface of interaction between two a-synucleins in the
heterodimer and therefore the compound was unable to
interfere with the process of oligomerization. Unlike the
wild-type a-synuclein (Fig. 1D), the energy of interaction
for E83R with the membrane was undiminished (Fig.
1H). Taken together, the molecular dynamic simulation re-
sults suggest that NPT100-18A interactions with the C-
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Figure 2 HSQC-based NMR characterization of the effects of NPT100-18A on a-synuclein lipid binding. (A) Series of HSQC
spectra demonstrating that the addition of NPT100-18A (purple) to free a-synuclein (red) does not change the spectrum, while addition of
liposomes (black) leads to a signal reduction that can be reversed by NPT 00-18A (blue); the number in the box to the right represents the mean
for each spectra. (B) Analysis of signal intensity for the spectra of free- and liposome-bound a-synuclein in the presence or absence of NPT 00-
I8A. (C) NPT100-18A concentration dependence of liposome displacement for a-synuclein compared at different POPG:a-synuclein ratios.

A clear shift towards lower apparent Kd values and more sigmoidality (cooperativity) can be seen when the POPG:a-synuclein ratio is decreased
(higher local a-synuclein concentration on the membrane and thus more pronounced a-synuclein oligomer formation). The blue and green curves
were recorded at the same ratio, while the total concentration was doubled in the green curve. This excludes the possibility of POPG
concentration dependence (lines are fits with the Hill equation performed as a guide). All measurements apart from green with 200 UM o-
synuclein, POPG concentrations were 0.8 mg/ml, 0.4 mg/ml and 0.2 mg/ml for black, red and blue, respectively (pH = 6.5). (D) NPT100-I8A
concentration dependence of liposome displacement for wild-type o-synuclein and the mutant E83R. Increasing concentration of NPT 100-18A
leads to more displacement of a-synuclein from the liposome (observed as an increase in signal intensity). Here the average value of the relative
signal intensities from available resolved residues in the region 40-90 was plotted against the ligand concentration. The strong difference between
wild-type (wt) and mutant (E83) in response to the ligand can easily be observed (dashed lines are fits with the Hill equation performed as a guide

only).

terminus of o-synuclein might reduce oligomerization by
interfering with membrane binding and dimer formation
(Fig. 11).

NMR studies show that NPT 100-18A
might reduce a-synuclein interactions
with the liposome

To investigate further the effects of NPT100-18A on the
ability of a-synuclein to bind membranes, NMR studies
were performed with liposome-bound and free '"N-'H-
labelled o-synuclein in the presence or absence of
NPT100-18A (Fig. 2A). Addition of liposomes to o-
synuclein led to a drastic loss in signal intensities, while
shifts were unaffected (Fig. 2A and Supplementary Fig.
3A). Given the large size of the liposomes, only the free
state of a-synuclein can be observed. Thus only the observ-
able free-form of a-synuclein was used to calculate the
populations of free and bound a-synuclein, respectively.

NMR studies were performed with "N-"H o-synuclein
for different experimental conditions. While with free o-
synuclein (Fig. 2A and B) no changes in signal intensity
were detected, when adding NTP100-18A (Fig 2A and
B), the a-synuclein signal was reduced in the presence of
lipid (Fig. 2A and B) and the intensity of the signal re-
covered when adding NPT100-18A (Fig 2A and B).
Increasing NPT100-18A concentrations led to wild-type
a-synuclein signal recovery when mixed with lipids at vari-
ous ratios (Fig. 2C). At high concentrations NTP100-18A
led to complete release of a-synuclein from the membrane.
Interestingly, the apparent activity of NTP100-18A critic-
ally depended on the liposome/a-synuclein ratio. At a lower
ratio (POPG:a-syn = 1.3) the NTP100-18A-induced release
of a-synuclein was more efficient than at higher ratios
(POPG:o-syn = 8.7). These results suggest that NTP100-
18A does not bind to monomeric, soluble a-synuclein but
releases a-synuclein from the liposome vesicles at high
ligand concentrations. To rule out possible liposome
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disruption in the presence of NPT100-18A, dynamic light
scattering measurements were performed. Dynamic light
scattering unambiguously indicated that liposomes were
not disrupted by NPT100-18A (data not shown). Thus,
the recovery of signal intensity with NPT100-18A might
be related to the potential release of a-synuclein from the
liposome surface. To further investigate this possibility, the
differential effects of NPT100-18A were analysed by NMR
using wild-type and mutant a-synuclein (E83R) in the pres-
ence of liposomes. This was based on the molecular
dynamic simulations that suggested that compared to
wild-type a-synuclein, NPT100-18A might be less effective
at releasing the mutant o-synuclein (E83R) from the lipid
membrane. The NMR analysis confirmed the spectral dif-
ference between a-synuclein alone and in the presence of
POPG (Supplementary Fig. 3A) and wild-type and mutant
a-synuclein (E83R) (Supplementary Fig. 3B). Moreover the
NMR studies showed that at low concentrations, NPT100-
18A was more effective at displacing wild-type a-synuclein
from the liposomes than mutant o-synuclein (E83R)
(Fig. 2D); however, at the highest concentrations
NPT100-18A has similar effects on wild-type and mutant
a-synuclein (E83R) (Fig. 2D).

Further analysis of the membrane-bound state of a-synu-
clein and its dependence on NPT100-18A binding was
probed by using dark-state exchange saturation transfer
(DEST) NMR methodology. The DEST methodology
probes the equilibrium between NMR visible (detectable)
and invisible (undetectable) states of proteins. Typically
proteins that are transiently bound to high-molecular
weight complexes show pronounced line-broadening
effects (Supplementary Fig. 4A). The attenuation profile
provides information about the bound state at a residue-
specific resolution, whereby the level of attenuation
depends on residual dynamics in the bound state
(Supplementary Fig. 4A).

To probe the effect of NPT100-18A on the membrane-
bound state of a-synuclein DEST and heteronuclear single
quantum coherence (HSQC) NMR experiments were per-
formed using ligand concentrations that did not release
from the liposomes (a-synuclein: 400 uM; NTP100-18A:
300 uM). While the HSQC shows and quantifies the popu-
lation of the bound a-synuclein species (Supplementary
Fig. 4B), the DEST profile shows both the population
and residual structural dynamics of the bound state
(Supplementary Fig. 4B). Analysis of effects of NPT100-
18A on a-synuclein in the presence of liposomes shows by
HSQC (top, black) and DEST (bottom, red) differences in
the membrane-bound state of a-synuclein before and after
addition of 300 uM NTP100-18A (prior to the displace-
ment from the membrane) (Supplementary Fig. 4C).
Interestingly, HSQC peak intensity decreased after adding
300uM NPT100-18A, while the DEST measurement
shows a slight increase on a per residue basis
(Supplementary Fig. 4D) targeting the intermediate to c-
terminus portion of o-synuclein between aa 80-102.
Based on the NTP100-18A HSQC data at 300 uM there
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is still a-synuclein bound to membrane. In contrast, the
DEST structural dynamics of membrane-bound a-synuclein
is clearly altered, suggesting a change in the molecular
interactions of a-synuclein.

In conclusion, the NMR data provide evidence that
NPT100-18A might interact among others with the C-
terminus region of a-synuclein (80-90 and 96-102). Most
importantly, these changes of the interaction interface could
be detected at concentrations where no release of a-synu-
clein from the liposomes was observed (Supplementary Fig.
4C and D). It was only at higher concentrations that a-
synuclein was released from the membrane and existed in
a monomeric form in solution, which had no measureable
affinity to the ligand (Fig. 2C and D). Therefore, the po-
tential mode of action of NPT100-18A is to interfere with
the membrane-bound state of a-synuclein and alter its con-
formational ensemble accompanied by attenuation of its
membrane-induced aggregation into oligomers.

NPT100-18A reduces a-synuclein oli-
gomer formation in lipid membranes
and neurotoxicity

Given that the molecular modelling (Fig. 1) and NMR
(Fig. 2) studies indicated that NPT100-18A enhances
a-synuclein displacement from the membrane, next we
investigated the effects of NPT100-18A on a-synuclein ag-
gregation in a lipid matrix where synthetic membrane prep-
arations with negative staining were evaluated by electron
microscopy. Under baseline conditions, ring-like o-synu-
clein oligomers were detected on the prepared synthetic
membranes within the 12 h incubation period, and addition
of NPT100-18A diminished the formation of ring oligo-
mers by 60% when wild-type o-synuclein was used
(Fig. 3A and B); however, no effect was detected with
mutant o-synuclein E83R (Fig. 3C and D). Electron micros-
copy immunogold experiments confirmed that the ring-like
structures in the membranes consisted of anti-o-synuclein
immunogold-decorated particles; NPT100-18A reduced
the formation of such gold-bearing annular o-synuclein
(Fig. 3E and F). In comparison, similar immunogold experi-
ments showed that NPT100-18A had no effect on the for-
mation of annular oligomers when mutant o-synuclein
E83R was used (Fig. 3G and H).

Next, we investigated the effects of NPT100-18A in pri-
mary neuronal cells infected with lentivirus expressing
either wild-type or E83R a-synuclein. Lentiviral expression
resulted in abnormal accumulation of wild-type and E83R
a-synuclein in primary neuronal cultures, which was dis-
tributed both in the neuronal cell bodies and extended to
neuritic processes (Fig. 3I and J). Treatment with NPT100-
18A considerably reduced the accumulation of wild-type a-
synuclein in the neuronal cell processes (Fig. 31 and ]), but
not in E83R a-synuclein (Fig. 3I and J). Using Scholl ana-
lysis, confocal imaging showed that neuronal cells over-
expressing a-synuclein  displayed reduced length of
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Figure 3 In vitro analysis of the effects of NPT100-18A on a-synuclein oligomerization and toxicity. (A) Electron microscopic
analysis of the effects of NPT 100-18A (2 uM) on the formation of ring-like wild-type a-synuclein oligomers in a lipid membrane matrix. (B)
Computer aided image analysis showing that NPT 100-18A reduces ring-like oligomers with wild-type a-synuclein. (C) Electron microscopic
analysis of the effects of NPT 100-18A on E83R a-synuclein in a lipid membrane matrix. (D) Computer aided image analysis showing that NPT | 00-
I8A does not reduce ring-like E83R a-synuclein oligomers. (E) Immunogold (10 nm) electron microscopic analysis with a monoclonal antibody
against human a-synuclein to evaluate the effects of NPT 100- I 8A of the formation of ring-like wild-type a-synuclein oligomers in a lipid membrane
matrix. (F) NPT100-18A significantly reduced the number of gold particles *P < 0.05 versus vehicle-treated o-synuclein wild-type group by
Student t-test. (G) Immunogold electron microscopic analysis with a monoclonal antibody against human a-synuclein to evaluate the effects of
NPT 100-I8A of the formation of ring-like E83R a-synuclein oligomers in a lipid membrane matrix. (H) NPT 100-18A did not affect the number of
gold particles. (I) Primary neuronal cultures from rat (embryonic Day |8) neocortex were infected with LV-control, LV-wild-type or E83R
a-synuclein and treated with NPT100-18A at | uM. Cells in the upper row were immunostained with an antibody against a-synuclein and
developed with diaminobenzidine. Cells in the lower panel were double labelled with antibodies against synapsin-|1 and MAP2 and imaged with the
laser scanning confocal microscope. (J) Computer aided analysis of levels of a-synuclein showing increased immunoreactivity in cells infected with
wild-type and E83R a-synuclein. Compared to vehicle, treatment with NPT 100-18A reduced the accumulation of wild-type but not E83R o-
synuclein in primary neurons. (K) Computer aided Scholl image analysis of the length of MAP2 immunoreactive neurites showing decreased
neurite lengths in cells infected with wild-type and E83R a-synuclein. Treatment with NPT 100-18A recovered neuritic length in cells expressing
wild-type but not E83R a-synuclein. Statistical analysis for A=H performed using Student t-test, *P < 0.05. Statistical analysis for J-K performed
using one-way ANOVA, *P < 0.05 versus vehicle-treated control group using Dunnett’s post hoc comparison and #P < 0.05 versus vehicle-treated
a-synuclein cells using Tukey-Kramer post hoc comparison; error bars are SEM; three replicates per group. Scale bar in A, C, E and G = 100 A
I=10pum.
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neuronal processes. Moreover, the number of synapsin-I-
positive punctae was reduced (Fig. 3I). Treatment with
NPT100-18A normalized the appearance and length of
neurites and the synapsin-I deficits in neuronal cells ex-
pressing wild-type a-synuclein (Fig. 3I and K), but not in
neuronal cells expressing E83R a-synuclein (Fig. 3I and K).
Immunoblot analysis using primary neuronal cells infected
with LV-control, LV-wt-a-syn, or LV-E83R-ai-syn was per-
formed to complement the immunocytochemical experi-
ments. Western blot analysis using Syn211 antibody

(Supplementary Fig. SA-C) found NPT-treatment signifi-
cant decreased oligomeric wild-type a-synuclein, but not
E83R a-synuclein, whereas monomeric o-synuclein was
not affected. Dot blot analysis using A1l antibody
(Supplementary Fig. SD-F) further confirmed a reduction
in wild-type a-synuclein, but not E83R a-synuclein. Taken
together these results confirm that NPT100-18A alters
wild-type a-synuclein, but not E83R a-synuclein, and its
effects are on oligomeric aggregation, but not monomeric
a-synuclein.
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a-Synuclein-targeted therapy in vivo

Independent studies confirms
NPTI100-18A improves motor
behavioural deficits in mThyl-a-syn
wild-type transgenic mice

NPT100-18A exposure levels in plasma and brain were
analysed in wild-type mice at 10 time points. The 20 mg/
kg dose was detected in plasma up to 24 h (Supplementary
Fig. 6A and B). Following intravenous administration,
NPT100-18A exhibited rapid brain migration as indicated
by Tiax in range of 0.08-0.25h at doses of 1, 5, 10, 15,
and 20 mg/kg (Supplementary Fig. 6C). Brain-to-plasma ex-
posure (last measurable area under the curve, AUC\,,) ratio
was between 0.5% at the lowest dose and 11% at the
higher doses (Supplementary Fig. 6B and C). The mean
concentration of drug in the brain was 250 ng/ml, which
equals ~500 nM. Similar pharmacokinetic studies were
performed following intraperitoneal administration of
NPT100-18A at 20 mg/kg. These studies showed a brain-
to-plasma exposure ratio of 8%, plasma concentrations
declined monoexponetially with an AUCy,, at 24h, and
brain concentrations declined exponentially with an
AUC,,; at 4h. Following intraperitoneal administration,
NPT 100-18A exhibited a rapid migration to the brain
with a Ty, of 0.08 h.

We investigated the effects of NPT100-18A on motor
behavioural performance deficits present in mThy-1-a-syn
transgenic mice at UCSD (Fig. 4A and B) and at UCLA
(Fig. 4C-F). Mice at both sites were treated once daily
for 3 months with an intraperitoneal injection of 1, 5, 10
or 20 mg/kg with behavioural testing starting on Day 70 of
90. This transgenic mouse model develops Parkinson’s dis-
ease-like motor and non-motor deficits as well as neuro-
pathological indices (including o-synuclein aggregates,
alterations in markers associated with neurodegeneration,
and decreases in synaptic markers) starting at 3 months of
age. In motor behavioural assessments conducted at UCSD,
vehicle-treated a-synuclein transgenic mice displayed def-
icits in the horizontal round beam test; treatment with
NPT100-18A (10 and 20 mg/kg) reduced the number of
errors (foot slips) (Fig. 4A). In the open field, vehicle-trea-
ted a-synuclein transgenic mice displayed increased total
activity compared to vehicle-treated non-transgenic mice
(Fig. 4B); however, there were no statistically significant
effects in a-synuclein mice treated with NPT100-18A
(Fig. 4B).

An independent study was performed at UCLA to con-
firm the effects of NPT100-18A administration on motor
performance deficits in o-synuclein transgenic mice. A chal-
lenging beam apparatus was used instead of a round beam
to evaluate the effects of NPT100-18A on motor perform-
ance in mThyl-a-syn mice. Vehicle-treated o-synuclein
transgenic mice had statistically significant deficits in
motor performance in the challenging beam and open
field assessment (Fig. 4C-F). Consistent with the round
beam results at UCSD, the study at UCLA showed that
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NPT100-18A (10 mg/kg) treatment of a-synuclein trans-
genic mice decreased the error rates on the challenging
beam at 4.4 and 6.2 months of age (1 and 3 months of
treatment, respectively) (Fig. 4C). Analysis of challenging
beam performance at 4.4 months of age by trial with
paired comparisons demonstrated a statistically significant
reduction in errors per step during three of five trials
(Fig. 4D). Treatment restored habituation in the open
field in the third 5 min time bin compared to the impaired
vehicle-treated a-synuclein transgenic (Fig. 4E and F).
Taken together, two independent efficacy evaluations of
NPT100-18A administration confirmed beneficial effects
on motor performance deficits present in an o-synuclein
transgenic mouse model of Parkinson’s disease/dementia
with Lewy bodies.

NPTI100-18A decreases the
accumulation of a-synuclein in
transgenic mice

Given that the most significant effects on motor perform-
ance were detected at the higher doses, subsequent neuro-
pathological and immunoblot studies were performed in
animals treated at 10 and 20 mg/kg. Results presented
below are from the 20mg/kg group unless otherwise
noted. Compared to non-transgenic mice, there were abun-
dant accumulations of a-synuclein in neurons and neuropil
in the neocortex of vehicle-treated o-synuclein transgenic
mice (Fig. SA and B), hippocampus (Fig. 5A and C), stri-
atum (Fig. 5A and D), and substantia nigra (Fig. SA and
E). Treatment with NPT100-18A significantly reduced the
accumulation of a-synuclein in the neuropil in the neocor-
tex (Fig. SA and B), hippocampus (Fig. SA and C) and
striatum (Fig. 5A and D) but not substantia nigra
(Fig. SA and E). By immunoblot, NPT100-18A reduced
the accumulation of a-synuclein oligomers in sodium dode-
cyl sulphate (SDS) (Fig. SF, H and I) and monomers were
unchanged (Fig. SF and G). Moreover, analysis of frac-
tioned tissues from the vehicle-treated o-synuclein trans-
genic mice revealed increased accumulation of a-synuclein
in the membrane fraction as opposed to the cytosolic frac-
tion (Fig. 5J). Treatment with NPT100-18A resulted in
decreased accumulation of a-synuclein in the membrane
and increased cytosolic a-synuclein (Fig. 5] and K), as
demonstrated with a polyclonal antibody against a-synu-
clein, as well as reduced a-synuclein accumulation in
native gels (Fig. SL).

We have previously shown that aggregated neurotoxic a-
synuclein can be detected with the SYN105 antibody
against truncated C-terminus o-synuclein (Games et al.,
2013). There was extensive accumulation of a-synuclein
in the synapses and axonal processes in the vehicle-treated
a-synuclein transgenic mice in the neocortex, hippocampus
and striatum of a-synuclein transgenic mice (Supplementary
Fig. 7A), which NPT100-18A treatment significantly reduce
in the axons (Supplementary Fig. 7A and B). This was
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Figure 4 Effects of NPT100-18A on behavioural performance on a-synuclein transgenic mice at two independent sites.
Comparable groups of mThy|-a-syn were treated for 3 months with vehicle (saline) or NPT100-18A at UCSD (A and B) and UCLA (C-F) and
tested in the evaluations of motor behaviour in beam and open field tests. (A) Evaluation of round beam performance test at UCSD. Compared to
non-transgenic, the vehicle-treated a-synuclein transgenic (tg) mice displayed significant deficits in the round horizontal beam test

(****P < 0.0001, when compared to vehicle-treated non-transgenic group). Treatment with NPT 100-18A ameliorated the deficits at 10 and
20 mg/kg (7P < 0.05, ##P < 0.01 compared to vehicle-treated a-synuclein transgenic mice). (B) Evaluation of spontaneous locomotor activity
(open field) at UCSD. a-Synuclein transgenic mice displayed increased total activity in the open field test compared to non-transgenic controls
(P < 0.001), but no statistically significant effects of NPT 100-I8A were detected. (C) Longitudinal evaluation of challenging beam performance at
UCLA. Compared to non-transgenic littermates, the vehicle-treated a-synuclein transgenic mice displayed significant deficits in the challenging
(grid) beam test conducted at UCLA (C, errors per step, group averages of five trials, ****P < 0.0001 when compared to vehicle-treated non-
transgenic group). NPT 100-18A treatment (10 mg/kg) decreased o-synuclein transgenic error rates on the challenging beam in 4.4- (C, middle)
and 6.2- (C, right) month-old mice after | month of treatment (errors per step, group averages of five trials, #P < 0.05 versus vehicle-treated o-
synuclein transgenic group). (D) Analysis of UCLA evaluation of a-synuclein transgenic challenging beam performance at 4.4 months (after |
month of treatment) demonstrated that vehicle (saline)-treated wild-type a-synuclein mice had a statistically significant increase in the error rate
for all trials compared to non-transgenic vehicle-treated mice (****P < 0.0001). NPT 100-18A-treated a-synuclein transgenic mice had a statis-
tically significant reduction in error rates on Trials 2, 4, and 5 of 5 (*P < 0.05, *#P < 0.01 compared to vehicle-treated a-synuclein transgenic
mice). (E and F) Open field assessment of locomotor activity. There were no statistically significant effects of NPT 100-18A on a-synuclein
transgenic total move time in the open field locomotor test averaged over |5min (E); however, NPT 100-18A-treated a-synuclein transgenic
showed habituation in the open field (F), with significantly decreased activity in the third time bin compared to vehicle-treated a-synuclein
transgenic mice. Non-transgenic (vehicle n =21 and NPT100-18A n = 22) and a-synuclein transgenic mice (vehicle n =22 and NPT100-18A

n =20), all mice were 6.2-month-old males treated for 3 months with NPT100-18A or vehicle (saline). Error bars are SEM.
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Figure 5 Immunocytochemical and western blot analysis of the effects of NPT 100-18A on a-synuclein accumulation in
transgenic mice. Groups of mThy|-wt-a-syn were treated for 3 months with vehicle or NPT 100-18A at 20 mg/kg and analysed for levels of o-
synuclein by immunocytochemistry and immunoblot. (A) Immunocytochemical analysis with a polyclonal antibody against full-length o-synuclein
(FL). The column to the left is a low power view (20 x ) illustrating immunostaining of the neocortex (Nctx), hippocampus (Hipp) and striatum
(Str) in each of the four groups analysed. The panels to the right illustrate a higher magnification view (630 x ) of the regions in open squares plus
the substantia nigra. The images depict o-synuclein immunostaining of the neuropil in the non-transgenic mice and of the neuropil and neuropil and
neuronal cells bodies (arrows) in the a-synuclein transgenic mice. (B—E) Computer aided image analysis of levels of a-synuclein in the frontal
cortex, hippocampus, striatum and substantia nigra, respectively, showing greater accumulation of a-synuclein in the neuropil and cell bodies in the
transgenic mice that were reduced with NPT 100-18A treatment. (F) Immunoblot analysis with a polyclonal antibody against full-length a-synuclein
with frontal cortex homogenates run on SDS-PAGE gels. In non-transgenic mice, a 14kDa band that was primarily detected, while in the o-
synuclein transgenic mice several bands corresponding to a-synuclein dimers and oligomers were detected. (G) Computer aided image analysis
indicated that while the monomer was unaffected, the (H) dimer, and (l) higher molecular weight bands were significantly reduced by NPT 100-
I8A in a-synuclein transgenic mice. (J) Immunoblot analysis with polyclonal antibodies against human a-synuclein with frontal cortex homogenates
divided into cytosolic and membrane fractions run in SDS-PAGE gels. In vehicle-treated a-synuclein transgenic mice the 14 kDa band was more
abundant in the membrane fraction, treatment with NPT 100-18A shifted a-synuclein from the membrane (insoluble) to the cytosolic fraction

(continued)
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confirmed by confocal microscopy analysis in double
labelled sections with antibodies against C-terminus o-synu-
clein and neurofilaments (SMI312) (Supplementary Fig. 7C
and D). As previous studies have shown that a-synuclein
aggregates are proteinase K-resistant (Takeda et al., 1998;
Kahle et al., 2001), additional immunocytochemical ana-
lysis was performed in sections pretreated with proteinase
K. Following treatment (proteinase K + ), a-synuclein immu-
noreactivity was similar to proteinase K- studies
(Supplementary Fig. 7A and B) with extensive accumula-
tion in the synapses and axonal processes in the vehicle-
treated a-synuclein transgenic mice, which was reduced in
the NPT100-18A-treated mice (Supplementary Fig. 7E and
F). To visualize pathological a-synuclein, sections were
immunostained with pSer129-a-syn antibody
(Supplementary Fig. 7G); NPT100-18A significantly
reduced the amount of immunoreactivity for pathological
a-synuclein (Supplementary Fig. 7H).

Quantitative PCR analysis was performed to determine if
the reduction in the levels of a-synuclein could be explained
by effects of the drug at the mRNA levels. Increased levels
of human SNCA were confirmed in the transgenic com-
pared to the non-transgenic mice (Supplementary Fig.
8A), and levels of human SNCA mRNA were comparable
in animals treated with NPT100-18A (Supplementary Fig.
8B). Levels of murine Snca were similar between the non-
transgenic and transgenic groups (Supplementary Fig. 8C),
and no effects of NPT100-18A were detected when com-
pared to the vehicle groups (Supplementary Fig. 8D).
Therefore, NPT100-18A effects are at the protein level
and does not affect mRNA expression.

Taken together these studies suggest that in addition
to functional motor performance improvements,
NPT100-18A administration reduced accumulation of
a-synuclein in synapses and axons in o-synuclein trans-
genic mice.

NPTI100-18A ameliorated the neuro-
degenerative pathology in mThyl-a-
syn wild-type transgenic mice

The effects of NPT100-18A administration on neurodegen-
erative pathology were evaluated in brain samples from the
same study subjects described in the previous sections.
Compared to non-transgenic mice, vehicle-treated o-synu-
clein transgenic mice displayed loss of NeuN-positive cells

Figure 5 Continued
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in the neocortex, CA3 region of the hippocampus, and stri-
atum (Fig. 6A and B) accompanied by astrogliosis (increased
GFAP levels) (Fig. 6A and C), loss of synaptophysin-positive
nerve terminals (Fig. 6A and D), and MAP2-immunoreactive
dendrites (Fig. 6A and E). Treatment with NPT100-18A
treatment rescued the neuronal loss, synapto-dendritic path-
ology, and reduced astrogliosis in the neocortex, hippocam-
pus, and striatum (Fig. 6A-E). Consistent with the confocal
microscopy studies, ultrastructural analysis showed a reduc-
tion in the numbers of the presynaptic terminals in a-synu-
clein transgenic mice compared to non-transgenic mice, and
these alterations were rescued in transgenic mice treated with
NPT100-18A (Supplementary Fig. 9A and C). Immunogold
analysis with an antibody against human a-synuclein
showed extensive accumulation of gold particles in synapses
and dendrites in the vehicle-treated o-synuclein transgenic
mice. Animals treated with NPT100-18A displayed a signifi-
cant reduction in the accumulation of o-synuclein in the
nerve terminals (Supplementary Fig. 9B and D).

Compared to vehicle-treated non-transgenic mice, the a-
synuclein transgenic mice showed a loss of TH-positive
fibres in the striatum (Fig. 6F and G); however, no neur-
onal loss was detected in the substantia nigra. Treatment
with NPT100-18A ameliorated the loss of TH-positive
fibres in the striatum (Fig. 6F and G). In conclusion, im-
proved behavioural performance in mice treated with
NPT100-18A was associated with amelioration of o-
synuclein pathology and the neurodegenerative phenotype
present in a-synuclein transgenic mice.

NPT100-18A reduced the accumula-
tion of oligomers and related synaptic
deficits in mThyl-a-syn E57K trans-
genic mice

To further investigate the effects of the compound on o-
synuclein oligomer formation in an alternate model,
mThyl-a-syn ES7K transgenic mice were treated with
NPT100-18A (20 mg/kg). We have previously shown
that this artificial mutation favours the formation if
neurotoxic annular a-synuclein oligomers in the synapses
and no fibrils are formed (Winner et al., 2011;
Rockenstein et al., 2014). By immunoblot, vehicle-treated
a-synuclein E57K transgenic mice displayed multimeric
a-synuclein including  dimers,
higher order oligomers (Fig. 7A and B). Treatment with

forms trimers and

(soluble). (K) Computer aided image analysis of a composite of a-synuclein in the membrane versus cytosolic fractions showing that NPT 100-8A
increased cytosolic a-synuclein while decreasing a-synuclein in the membrane fraction. (L) Immunoblot analysis of a polyclonal antibody against
full-length a-synuclein with frontal cortex homogenates run in native gels. A band (arrow) as well as a smear were detected in the a-synuclein
transgenic mice. Non-transgenic (vehicle n =21 and NPT100-18A n = 22) and a-synuclein transgenic mice (vehicle n =22 and NPT100-18A

n = 20), all 3-month-old males treated for 3 months with NPT 100-18A. *P < 0.05 versus non-transgenic mice by one-way ANOVA with post hoc
comparisons via Dunnett’s; 7P < 0.05 versus vehicle-treated a-synuclein transgenic mice by one-way ANOVA with post hoc comparisons via

Tukey-Kramer. Error bars are SEM.
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Figure 6 Neuropathological analysis of the effects of NPT 100-18A on neurodegeneration in a-synuclein transgenic mice.
Groups of mThy|-wt-a-syn were treated for 3 months with vehicle or NPT 100-18A at 20 mg/kg and were analysed by immunocytochemistry for
markers of neurodegeneration. (A) The top two rows are representative images at low power (20 x ) for sections immunostained with a neuronal
(NeuN) and an astroglial cell marker (GFAP) reacted with diaminobenzidine and imaged with a digital bright field video microscope. The bottom
two rows are representative images at higher power (900 x ) for sections immunostained with a presynaptic (synaptophysin) and a dendritic marker
(MAP2) visualized with tyramide red and FITC, respectively, and imaged with a laser scanning confocal microscope. (B) Stereological analysis of
NeuN positive cells in the frontal cortex and striatum showing reduced numbers in vehicle a-synuclein transgenic mice, which were recovered
with NPT 100-18A. (C) Densitometrical analysis of levels of GFAP immunoreactivity in the frontal cortex and striatum showing increased levels in
vehicle a-synuclein transgenic mice and recovery with NPT 100-18A. (D and E) Computer aided image analysis of the per cent area of the neuropil
for synaptophysin (red) and MAP2 (green), respectively, in the frontal cortex and striatum showing decreased levels in vehicle a-synuclein
transgenic mice and recovery with NPT100-8A. Arrows indicate damaged dendritic processes, n = nucleus. (F) The top row shows representative
images at low power (20 x ) of the substantia nigra immunostained with an antibody against TH. The bottom row shows representative images at
higher power (240 x ) of the striatum reacted with diaminobenzidine and imaged with a digital bright field video microscope. (G) Stereological
counts of TH neurons in the substantia nigra (hemibrain). Densitometric analysis of TH fibres in the striatum showing decrease levels in vehicle o-
synuclein transgenic mice and recovery with NPT100-18A. *P < 0.05; **P < 0.01; ***P < 0.00| versus non-transgenic mice by one way ANOVA
with post hoc Dunnett’s; *P < 0.05; ##P < 0.01; ##P < 0.05 versus vehicle-treated a-synuclein transgenic mice by one-way ANOVA with post hoc
Tukey-Kramer. Non-transgenic vehicle (n = 24), non-transgenic NPT 100-18A (20 mg/kg, n = 17), a-synuclein transgenic vehicle (n = 20), o-
synuclein transgenic 20 mg/kg (n = |3). Scale bars: low magnification bar =250 pm and high magnification bar = 25 pm. Error bars are SEM.
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Figure 7 Immunoblot and immunocytochemical analysis of the effects of NPT100-18A on oligomer prone E57K a-synuclein
transgenic mice. Groups of mThy|-E57K- a-synuclein transgenic mice were treated for 3 months with vehicle or NPT 100-18A at 20 mg/kg and
analysed by western blot and immunocytochemistry. (A) Immunoblot analysis with a polyclonal antibody against full-length o-synuclein with
frontal cortex homogenates ran in SDS-PAGE gel, E57K a-synuclein transgenic mice show the presence of several bands between 28 to 70 kDa
corresponding to a-synuclein multimers (oligomers). (B) Computer aided image analysis of the monomer and higher molecular weight bands
showing that NPT 100- | 8A reduced dimer in a-synuclein transgenic mice but had no effects on monomer levels. (C) Immunocytochemical analysis
with a polyclonal antibody against full-length a-synuclein showing representative images illustrating immunostaining of the neocortex (Nctx) and
striatum (Str) in the each of the four groups analysed at a high magnification view (630 x ). The images depict a-synuclein immunostaining of the
neuropil in the non-transgenic mice and of the neuropil and dystrophic neurites (arrows). (D) Computer aided image analysis of levels of o-
synuclein in the frontal cortex, and striatum showing greater accumulation of a-synuclein in the neuropil in the transgenic mice that was reduced
with NPT 100-18A treatment. (E) Immunocytochemical analysis with a monoclonal antibody against truncated c-synuclein; the column to the left
is a low power view (20 x ), and the panels to the right are higher magnification view (630 x ). The E57K a-synuclein transgenic mice display strong
immunostaining in the neuropil and dystrophic neurites (arrows). (F) Computer aided image analysis of levels of C-terminus truncated o-synuclein
in the frontal cortex, and striatum showing greater accumulation of a-synuclein in the neuropil in the transgenic mice that is reduced with
NPT100-18A treatment. (G) Double labelling with antibodies against C-terminus truncated a-synuclein (red) and the synaptic marker synap-
tophysin (green) and imaged with the laser scanning microscope. Arrows indicate co-localization between the two markers. (H) Image analysis of
the per cent of synaptophysin terminals containing C-terminus truncated o-synuclein showing greater accumulation of a-synuclein in synapses in
the transgenic mice that is reduced with NPT100-18A treatment. ***P < 0.05 versus non-transgenic mice by one-way ANOVA with post hoc
Dunnett’s. ##P < 0.05 versus vehicle-treated o-synuclein transgenic mice by one-way ANOVA with post hoc Tukey-Kramer. Non-transgenic
vehicle (n = 12), non-transgenic NPT 100-18A (20 mg/kg, n = 12), a-synuclein transgenic vehicle (n = 12), a-synuclein transgenic 20 mg/kg (n = 12).
Error bars are SEM. Scale bar = |5 um.
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NPT100-18A reduced a-synuclein dimers and other oligo-
mers but had no effect on the monomers (Fig. 7A and B).
Antibodies against total a-synuclein (Fig. 7C and D) and
C-terminus a-synuclein (SYN105) (Fig. 7E and F) de-
tected extensive accumulation of a-synuclein in synapses
and axons in the neocortex and striatum of the vehicle o-
synuclein  ES57K  transgenic mice. Treatment with
NPT100-18A significantly reduced the accumulation of
total (Fig. 7C and D) and aggregated C-terminus a-synu-
clein (Fig. 7E and F) in the neuropil of the a-synuclein

E57K transgenic mice. Accumulation of C-terminus o-
synuclein in the synapses resulted in reduced synaptophy-
sin localization to the terminals (Fig. 7G and H).
Treatment with NPT100-18A led to decreased accumula-
tion of a-synuclein in the terminals and rescued the loss
of synaptophysin in the terminals (Fig. 7G and H). Taken
together, these studies demonstrate that NPT100-18A
treatment reduced accumulation of a-synuclein oligomers
in the synapses allowing proper synaptophysin and ves-
icle localization to the terminals.
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Live imaging using two-photon
microscope shows NPT 100-18A
rapidly reduces a-synuclein in PDGF-
a-syn-GFP transgenic mice

NPT100-18A administration produced beneficial effects on
motor performance (Fig. 4) and structural effects at the
synaptic level in transgenic mouse models (Fig. 6) in the
absence of sustained brain levels of NPT100-18A, this sug-
gested that NPT100-18A has a rapid but long lasting effect
extending beyond the short-lived concentration of the com-
pound in the brain. For this purpose we investigated in real
time the temporally-varying influence of NPT100-18A by
two-photon microscopy in PDGF-a-syn-GFP transgenic
mice. We have previously shown that a-synuclein content
in the synapses of these mice can be monitored over an
extended period of time and is sensitive to the effects of
molecules that regulate protein clearance (Unni et al.,
2010).

The o-syn-GFP construct in the o-syn-GFP transgenic
mouse is stable and co-localizes with synaptic markers to
the nerve terminals (Rockenstein et al., 2005). Live imaging
of vehicle-treated mice demonstrated the presence of abun-
dant GFP-positive punctae-like terminals throughout the
neuropil in the superficial layers of the neocortex
(Fig. 8A). Monitoring synapses every 15 min for over 4h
showed that the levels of pixel intensity and terminal size
were constant (Fig. 8B). The animals were first imaged
under baseline conditions for 15min and then NPT100-
18A was administered intra-arterially (Fig. 8C). Synapse
monitoring in these animals showed that levels of pixel
intensity in ~75% of the synapses started to decrease be-
tween 30 to 60 min and then remained low for the rest of
the imaging, the remaining 25% of the particles displayed
constantly high levels of pixel intensity throughout the ima-
ging protocol (Fig. 8D). This was consistently observed for
the various cohorts of animals analysed.

To evaluate structural effects at the synaptic level in a
transgenic mouse model using live imaging, a second
cohort of a-syn-GFP transgenic mice were treated for 4
weeks with NPT100-18A and imaged the day after the
last injection. Analysis of the particle size showed that in
the NPT100-18A-treatment resulted in a reduction of the
smallest particle size, and slight increase in the intermediate
particle size compared to vehicle-treated mice (Fig. 8E and
F). These studies suggest that treatment with NPT100-18A
might reduce a-synuclein in the synapses and facilitate the
clearance of a-synuclein.

These studies suggest NPT100-18A treatment might
reduce o-synuclein aggregate accumulation in synapses
and facilitate o-synuclein clearance. Therefore, neuronal
cells were infected with the same o-syn-GFP construct
driven by a lentiviral vectors. Co-labelling experiments
showed that o-synuclein immunolabelling coincided
with o-syn-GFP and was present in the neuronal cell
body and neuritic processes including beaded structures
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(Supplementary Fig. 10A and B). NPT100-18A treatment
reduced levels of o-syn-GFP in a dose-dependent manner
(Supplementary Fig. 10C and D). Inhibition of a-syn-GFP
clearance with bafilomycin A1 (BafAl), a downstream
autophagy blocker, or lactacystin, a proteasome blocker,
completely blocked the effects of NPT100-18A, while 3-
methyladenine (3-MA), an upstream autophagy blocker,
only partially blocked NPT100-18A effects
(Supplementary Fig. 10E and F). In contrast, co-treatment
with rapamycin, an autophagy inducer, enhanced clearance
of o-syn-GFP (Supplementary Fig. 10E and F). Taken to-
gether, these results support the possibility that NPT100-
18A rapidly affects a-synuclein accumulation in synapses,
subsequently enhancing clearance via autophagy or prote-
asome pathways.

Discussion

We showed that a de novo in silico designed iso-indole
pyrimido pyrazine compound (NPT100-18A) prevented
the formation of neurotoxic a-synuclein in neurons by po-
tentially altering a-synuclein interactions in the membrane
thereby reducing oligomer formation. Moreover, this com-
pound ameliorated behavioural deficits and neurodegenera-
tion in different models of synucleinopathies suggesting that
targeting the displacement of o-synuclein from the
membrane might be a viable treatment strategy for
synucleinopathies.

Aggregated forms of a-synuclein can disrupt neuronal
function and confer neurotoxicity to varying degrees by
multiple mechanisms (Lashuel et al., 2013; Stockl et al.,
2013). The mechanisms are under investigation; however,
a study has shown that dopaminergic neurons may be se-
lectively vulnerable to degeneration in Parkinson’s disease
due to cytosolic dopamine promoting the accumulation of
toxic a-synuclein protofibrils (Rochet et al., 2004). Thus
the development of therapeutic agents that intervene with
this process has become a compelling novel approach to the
treatment of Parkinson’s disease and related disorders. We
focused on the process of a-synuclein displacement from
the membrane since previous studies suggests that conver-
sion of a-synuclein into propagating homodimers on the
membrane might be the initial step leading to formation
of oligomers of various sizes (Tsigelny et al., 2012;
Roostaee et al., 2013). Supporting a role of dimerization
in synucleinopathies, in vitro studies have shown the pres-
ence of a dimeric state during conversion of o-synuclein
from soluble monomers to oligomeric toxic species
(Roostaee et al., 2013). Dimer formation and subsequent
toxic aggregation of wild-type o-synuclein can be induced
by environmental oxidative stress conditions (Fernagut
et al., 2007) leading to cross-linking of tyrosine residues
(Hashimoto et al., 1998; Krishnan et al., 2003). Artificial
introduction of a-synuclein mutations that reduce inter-
actions with lipid membranes results in decreased oligomer
formation and abrogate neurotoxicity (Ysselstein et al.,


http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww238/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww238/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww238/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww238/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww238/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww238/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww238/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww238/-/DC1

3232 | BRAIN 2016: 139; 3217-3236 W. Wrasidlo et al.

. B Vehicle
Vehicle t=+120 min 7004
: 600
%‘ 5004 7 - Particle 1
E 4004 -+ Particle 2
E - Particle 3
3 300 - Particle 4
T 200
NPT100-18A 1004
c W t=+15 min 0 P - —
Time (minutes)
D
i NPT100-18A
6004
_ %‘ s00{ - Particle 1
t=+60min  t=+75min  t=+90 mi t=+120 mi S 4001 itk
= min = min = min = min - —bhics
¥ W - Particle 4
o 2004
1004
Y 30 60 90 120
Time (minutes)
F
i Average particle size frequency
2 » accross all depths
2
2 “' m Vehicle
3 = 'y B NPT100-18A
= c 08
a ]
‘- 2
o E 044
. w
I
02
0
1281 282.482 453-643 644824 8251005

™ [ - =

Binned particle size

" Depth (um)

Figure 8 Two-photon live imaging of the effects of NPT 100-18A on a-synuclein accumulation in synapses in a-syn-GFP
transgenic mice. Groups of o-syn-GFP transgenic mice were anaesthetized, a window was opened in the skull, and the neocortex was imaged
for a period of over 2 h with a two-photon microscope. (A) Acute evaluation of vehicle-treated a-syn-GFP transgenic mice, the punctae (green,
arrowheads) represent individual synaptic terminals containing a-synuclein. The brains were counter-stained with the glial marker SR101 (red).
(B) Computer aided image analysis of presynaptic terminals (numbered arrowheads) over time showing the levels of fluorescence were stable.
(€) NPT100-18A-treated a-syn-GFP transgenic mice, the punctae (green, arrowheads) represent individual synaptic terminals containing o-
synuclein, the brains were counter-stained with the glial marker SR101 (red). Over time, following acute NPT 100-18A treatment (time = 0 min),
the levels decrease in some of terminals. (D) Computer aided image analysis of o-syn-GFP terminals (numbered arrowheads) over time showing
the decay in levels of fluorescence following NPT 100-18A. (E) Data from a representative animal showing fluorescence levels decreasing with time
from |5 min before treatment to |50 min post-treatment across depth up to 100 um. Fluorescence levels naturally decrease with increasing depth
despite increasing the laser power since there is more tissue above the focal plane. (F) Particle size analysis in chronically treated mice. Binning of
particle data (in this case the particle is GFP a-synuclein in nerve terminals) was performed to characterize a statistical distribution of particle size.
NPT 100-18A decreased the number of particles in the smallest bin. A total of 12 transgenic mice (6 months old, n = 6 vehicle and n = 6 NPT 100-
I8A) were used; error bars are SEM. *P < 0.05 versus the respective binned particle size group for vehicle treated mice by one-way ANOVA
followed by Dunnett’s post hoc analysis.

2015) supporting the view that reducing membrane binding
and homodimer formation might prevent the formation of
neurotoxic a-synuclein oligomers.

However, not all a-synuclein mutations lead to aggrega-
tion and toxicity via membrane interactions. For example,
the familial A30P and G51D mutations display lower af-
finity to the membrane, also result in o-synuclein aggrega-
tion and toxicity (Ysselstein et al., 2015). Moreover, a

recent study showed that artificial point mutations that in-
hibit vesicle membrane binding were associated with aggre-
gation and toxicity (Burre et al., 2015). In healthy synapses
a-synuclein is present in equilibrium between a cytosolic
monomer that is natively unfolded and a vesicle mem-
brane-bound form that is a tetramer (Bartels et al., 2011)
and chaperones the SNARE complex (Burre et al., 2015).
There is some controversy in the field: whether a-synuclein
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tetramers have a functional role in the membranes; and
which species are toxic. It is possible that there are multiple
conformations of a-synuclein dimers, tetramers, and higher
order multimers for which some might have a functional
role and other conformations might be toxic (Tsigelny
et al., 2015). Under normal conditions a-synuclein binding
to vesicle membranes is hypothesized to stabilize a-synu-
clein into a conformation that is unavailable for binding
to other cellular membranes. If such interactions do not
occur, the soluble o-synuclein is free to interact with
other cellular membranes. Our study, as well as other stu-
dies, have investigated a-synuclein toxic oligomers in the
membrane, o-synuclein interactions with the plasma
(Tsigelny et al, 2015), endoplasmic reticulum (Colla
et al., 2012), and mitochondrial membranes (Nakamura
et al., 2011). Therefore, one possibility is that NPT100-
18A might work by displacing a-synuclein from plasma
and other intracellular organelles, but it might not alter
the physiological a-synuclein associated with synaptic ves-
icles. In whole homogenates under reducing conditions we
observe reduced accumulation of wo-synuclein oligomers.
While in cytosolic versus membrane fraction we observe a
reduction in the membranes. This might be explained by
reducing the load of aggregated o-synuclein and facilitate
the clearance of a-synuclein from the membrane including
in monomeric species. In native gels we observed a reduc-
tion of higher molecular weight o-synuclein. Further evalu-
ation of this hypothesis is needed.

Various therapeutic strategies for targeting o-synuclein
range from anti-amyloid agents that disrupt the large intra-
cellular fibrils, to those targeting the cell-to-cell propagation
of misfolded oligomeric aggregates, or those that target the
fibril growth phase as modelled by the addition of mono-
meric o-synuclein to protofibril ‘seeds’ (Lashuel et al.,
2013). The present approach is novel in that we aim to
intervene at early stages of this process by preventing the
initial formation of membrane-embedded dimers or smaller
a-synuclein oligomers. Targeting the initial formation of the
membrane-embedded oligomeric a-synuclein could prevent
the formation of both the smaller toxic oligomeric o-
synuclein, as well as larger downstream protofibrils without
necessarily interfering with the physiological functions of -
synuclein. Disrupting the formation of membrane-
embedded dimers at this early intervention point could
reverse the adverse effects of a-synuclein on synaptic func-
tion at a stage before irreversible neurodegenerative pro-
cesses have been initiated. Finally, specifically targeting
the a-synuclein structure that is stabilized in cell mem-
branes allows for a more specific molecularly targeted
drug design. Supporting this mechanism, the molecular
simulations and NMR studies suggest the possibility that
NPT100-18A displaced a-synuclein from the membrane,
consequently reducing a-synuclein toxic conversion to pro-
pagating dimers and oligomers. Likewise electron micros-
copy studies demonstrated that NPT100-18A reduced the
formation of globular oligomers in a lipid membrane
matrix. Remarkably, since the E83 residue of a-synuclein
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interacts with the H-bond donor groups of NPT100-18A,
substitution of this residue for arginine abrogated the ef-
fects of compound to block a-synuclein toxic conversion,
suggests the beneficial effects of NPT100-18A were related
to its ability to displace a-synuclein from the membrane.

While we used molecular dynamic simulations to develop
de novo a compound that attenuates a-synuclein inter-
action with lipids at early stages of the oligomerization
process, other studies have used different approaches
including high-throughput screening to identify oligomer
modulator compounds (El-Agnaf et al, 2004; Wagner
et al., 2013) including baicalein (Lu et al., 2011), curcumin
(Pandey et al., 2008), and gallic acid (3,4,5-trihydroxyben-
zoic acid) (Ardah er al., 2014). Other compounds that
reduce a-synuclein oligomerization and toxicity include
SNX-0723 (Putcha et al., 2010), mannitol (Shaltiel-Karyo
et al., 2013), and AT2101 (Richter et al., 2014). Taken
together, these studies support the hypothesis that interfer-
ing at various stages with the process of a-synuclein aggre-
gation might be beneficial. However, it is worth noting that
several of the approaches reviewed above not only reduce
a-synuclein aggregation but also might non-selectively
interfere with amyloid-, PrP and tau. The NPT100-18A
compound differs in that it was designed to more selectively
target the folded state of a-synuclein in the membrane.
Additional studies are needed to understand the complex
effects of NPT100-18A on physiological tetramers verses
pathological a-synuclein monomer and oligomers.

Considering o/B-synuclein concentration at the synapse is
thought to be ~40uM (Wilhelm et al., 2014), then in
theory one would need a working NPT100-18A concentra-
tion of ~200uM. However, despite the finding that
NPT100-18A had a relatively short half-life in the brain
and modest brain penetration, considerable effects were
observed in wvivo, including those with the two-photon
microscope that detected a rapid effect of the compound
on o-synuclein in synapses. Although there is a large pool
of a-synuclein in the CNS, the proportion prone to aggre-
gate into oligomers is relatively small (Lee et al., 2005;
Danzer et al., 2007; Sandal et al., 2008), and conditions
such as propagation and defects in clearance mechanisms
might amplify the accumulation of pathological of o-
synuclein. Consequently, NPT100-18A might facilitate or
synergize the clearance of misfolded o-synuclein and accu-
mulation of a-synuclein on the membrane with catalytic-
like effects even when the concentration of NPT100-18A is
in the nanomolar range in the brain. Supporting this pos-
sibility, we observed that inhibitors of the proteasome and
autophagy abrogate the effects of NPT100-18A, it is pos-
sible that while aggregated and oligomeric a-synuclein is
cleared via the lysosme, monomeric a-synuclein might be
cleared through the proteasome (Alvarez-Castelao et al.,
2014). Additional experiments will be needed to explore
these mechanisms.

In conclusion, targeting a-synuclein oligomerization with
small molecules might represent a potential approach for
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developing treatments for Parkinson’s disease and other
synucleinopathies.
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