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Abstract
Intracellular α-synuclein (α-syn) aggregates are the pathological hallmark in several
neurodegenerative diseases including Parkinson's disease, dementia with Lewy bodies and multiple
system atrophy. Recent evidence suggests that small oligomeric aggregates rather than large amyloid
fibrils represent the main toxic particle species in these diseases. We recently characterized iron-
dependent toxic α-syn oligomer species by confocal single molecule fluorescence techniques and
used this aggregation model to identify several N′-benzylidene-benzohydrazide (NBB) derivatives
inhibiting oligomer formation in vitro. In our current work, we used the bioluminescent protein-
fragment complementation assay (BPCA) to directly analyze the formation of toxic α-syn oligomers
in cell culture and to investigate the effect of iron and potential drug-like compounds in living cells.
Similar to our previous findings in vitro, we found a converse modulation of toxic α-syn oligomers
by NBB derivates and ferric iron, which was characterized by an increase in aggregate formation by
iron and an inhibitory effect of certain NBB compounds. Inhibition of α-syn oligomer formation by
the NBB compound 293G02 was paralleled by a reduction in cytotoxicity indicating that toxic α-syn
oligomers are present in the BPCA cell culture model and that pharmacological inhibition of oligomer
formation can reduce toxicity. Thus, this approach provides a suitable model system for the
development of new disease-modifying drugs targeting toxic oligomer species. Moreover, NBB
compounds such as 293G02 may provide useful tool compounds to dissect the functional role of
toxic oligomer species in cell culture models and in vivo.
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Introduction
The hallmark feature of all common neurodegenerative disorders such as Alzheimer's disease
(AD) and Parkinson's disease (PD) is the ability of particular proteins to fold into stable
alternative conformations and to form intra- and/or extracellular protein aggregates that
accumulate in the brain [11]. PD is characterized neuropathologically by degeneration of
dopaminergic neurons in the substantia nigra, which leads to disruption of motor functions.
Initial evidence for a central role of α-synuclein (α-syn) in the pathogenesis of PD came from
the discovery of point mutations in the α-syn gene in families with familial PD [6].
Subsequently, α-syn has been identified as the major component of Lewy bodies and in Lewy
neurites, which are characteristic deposits of aggregated protein in PD, dementia with Lewy
bodies, and Lewy body variant of Alzheimer's disease, and the major component of the glial
cytoplasmic inclusions that characterize multiple system atrophy [22]. Additional evidence for
a fundamental role of α-syn in the pathogenesis of PD came from the observation that an
increased gene dose in PD patients, caused by a duplication or triplication of the α-syn gene,
is sufficient to trigger disease [21]. α-syn is a presynaptic, natively unfolded cytoplasmic 14
kDa protein that is abundant in brain tissue [24]. Its physiological function has not been
understood completely. However, it has been suggested that α-syn plays a role in synaptic
transmission, in the stabilization of lipid membranes, and in the interaction with a variety of
protein complexes [23].

The transformation of amyloidogenic proteins from the monomeric state into fibrillar
aggregates seems to progress via intermediates that have been termed protofibrils,
protofilaments or oligomers [5,9]. Although the cause of neurodegeneration in PD is not fully
understood, recent findings suggests that oligomers rather than the fibrillar amyloid deposits
of α-syn represent the principal toxic species [7].

Using confocal single particle fluorescence we recently developed a robust in vitro multistep
aggregation model in which we characterized two different oligomeric species. Organic
solvents (such as dimethyl sulfoxide (DMSO)) [10,17], were used to trigger aggregation, which
resulted in small oligomers (intermediate I). Addition of ferric iron at low micromolar
concentrations increased aggregation of α-syn and induced formation of a specific toxic
oligomer species (intermediate II) that was relatively SDS-resistant and could form ion-
permeable pores in lipid bilayers. We used the aggregation model to identify several N′-
benzylidene-benzohydrazide derivatives inhibiting oligomer formation in vitro [12].

In our current work, we used a bioluminescent protein-fragment complementation assay
(BPCA) to directly analyze the formation of α-syn oligomers in cell culture and to investigate
the effect of potential drug-like compounds affecting oligomer formation in living cells. This
approach is based on the co-transfection and co-expression of signal-protein fragments. These
fragments are cloned linked to the protein of interest (e.g. α-syn). If oligomers of the protein
of interest are formed, the fragments of the signal-proteins are reconstituted and a fluorescent
or bioluminescent signal can be detected [15]. Successful application of this approach for the
detection of α-syn oligomers has recently been described [18].

Using this approach, we compared the effect of ferric iron and NBB compounds on α-syn
aggregation in vitro and in living cells. In both model systems, we found a converse modulation
of toxic α-synuclein oligomers by NBB derivates and ferric iron, which was characterized by
an increase in aggregate formation by iron and an inhibitory effect of certain NBB compounds.
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Material and methods
Confocal Single Particle Analysis

Fluorescence correlation spectroscopy (FCS), fluorescence intensity distribution assay
(FIDA), and scanning for intensely fluorescent targets (SIFT) measurements were carried out
on an Insight Reader (Evotec-Technologies, Hamburg, Germany) with dual color excitation at
488 and 633 nm, using a 40 × 1.2 numerical aperture microscope objective (Olympus, Japan)
and a pinhole diameter of 70 μm at FIDA setting. Excitation power was 200 μW at 488 nm
and 300 μW at 633 nm. Measurement time was 10 s. Scanning parameters were set to 100
μm scan path length, 50 Hz beam scanner frequency, and 2000 μm positioning table movement.
This is equivalent to ∼10 mm/s scanning speed. All measurements were performed at room
temperature.

The fluorescence data were analyzed by autocorrelation analysis using the FCSPP evaluation
software version 2.0 (Evotec-Technologies). Two-color cross-correlation amplitudes G(0) and
FIDA data were evaluated using the same software. For FIDA [8] and SIFT [2] analysis,
fluorescence from the two different fluorophores was recorded simultaneously with two single-
photon detectors. Photons were summed over time intervals of constant length (bins) using a
bin length of 40 μs. The frequency of specific combinations of “green” and “red” photon counts
was recorded in a two-dimensional intensity distribution histogram.

Aggregation Assay
A 5-fold stock solution of fluorescently labeled α-syn was prepared by mixing α-syn labeled
with Alexa-488 and α-syn labeled with Alexa-647. The concentrations of α-syn-Alexa-488 and
α-syn-Alexa-647 were adjusted to ∼10 molecules/focal volume and 15 molecules/focal
volume, respectively. Quality control SIFT measurements were used to confirm that the stock
solution was free of α-syn aggregates. Aggregation was induced by the addition of 1 % DMSO
[17] to a mixture of α-syn monomers labeled with Alexa-488 or Alexa-647 at a final protein
concentration of approximately 10 nM in 50 mM Tris-HCl buffer at pH 7.0 in a total assay
volume of 20 μL Compounds were added together with DMSO. N′-benzylidene-
benzohydrazide (NBB) derivates (ChemBridge Corp., San Diego, CA, USA) were prepared
as stock solutions in DMSO and used at a final concentration of 10 μM. Values for cLogP and
topological polar surface area (TPSA) were calculated using web-based software
(http://www.molinspiration.com/services). All experiments were performed in 96-well plates
with a cover slide bottom (Evotec-Technologies). To reduce evaporation, plates were sealed
with adhesive film. Typically, aggregation was monitored for at least five hours in two to four
independent samples for each experimental group. In some experiments, FeCl3 (Merck,
Germany) was added to a final concentration of 10 μM.

Cell culture and luciferase assay
Human H4-neuroglioma cells (HTB-148 - ATCC, Manassas, USA) were maintained in OPTI-
MEM medium plus 10 % fetal bovine serum (FBS, both Invitrogen, Carlsbad, CA, USA)on
96 well plates (toxicity assay), 24 well plates (luciferase assay) and 60 mm dishes (western
blot) respectively. Prior to transfection, cells were incubated at 37 °C, 5 % CO2 for 24 h,
growing to a confluence of 80-90 %. α-Syn was subcloned into the NotI/ClaI sites of constructs
containing optimized fragments of hGLuc (1-93; 94-185). Cells were co-transfected with the
gaussia luciferase constructs Syn-hGLuc(1) and Syn-hGLuc(2). In some experiments, control
cells were transfected with full length luciferase. Transfection was performed using Superfect
(Qiagen, Chatsworth, CA, USA). NBB compounds dissolved in DMSO were added two hours
after transfection in a final concentration of 10 μM resulting in a concentration of 0.1 % DMSO
in the cell culture media. FeCl3 was added 24 h after transfection at a concentration of 1 mM
and 100 μM, respectively. After 24 h of incubation in the presence of compound/ferric iron,
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cells were washed with phosphate buffered saline (PBS) at room temperature and covered with
phenol red- and FBS-free OPTI-MEM. Coelenterazine (20 μM, Prolume Ltd.) was used as
substrate for gaussia luciferase. Luminescene was measured in a Wallac Victor2 1420
Multilabel Counter (PerkinElmer, USA) at 480 nm and a signal integration time of two seconds.

Toxicity assay
For toxicity assay, the release of adenylate kinase (AK) was measured by ToxyLight BioAssay
Kit (Lonza, Switzerland). For a late treatment paradigm, cells were split into 96 well plates 24
hours prior to transfection. Transfections were done according to Superfect product
instructions. Two hours after transfection, the media (OPTI-MEM medium plus 10 % fetal
bovine serum) was replaced with media containing 10 μM of compound (diluted 1:1000 from
10 mM stock solution in DMSO), which results in the presence of 0.1 % DMSO in the culture
media. Toxicity assays were performed 24 hours after transfection.

For an early treatment paradigm, cells were split into 96 well plates and treated with 10 μM of
compound, five to eight hours later. Cells were transfected 24 hours later as described above.
No compound or vehicle was present during the two hours of transfection. Post transfection,
the compounds/vehicle were replaced in the media. Toxicity assays were performed 24 h after
transfection.

Western Blot
H4 cells were washed with room temperature PBS and harvested 24 hours after transfection
and treatment similar to the luciferase assay paradigm. For denaturing conditions, samples
were lysed using lysis buffer containing Triton X-100 (0.1 % Triton X-100, 0.15 M NaCl, 50
mM Tris pH 7.5, protease inhibitor cocktail one tablet/10 mL (Roche Diagnostics)). By passing
through a 1 mL 27-gauge syringe four to six times, the sample were sheared and afterwards
centrifuged for one minute at 13,000× g. Samples for native gels were lysed with detergent-
free lysis buffer (50 mM Tris/HCl pH 7.4, 175 mM NaCl, 5 mM EDTA pH 8.0, protease
inhibitor cocktail one tablet/10 mL. For the native gels, NativeMark and for SDS-PAGE gels
SeeBlue Plus Two markers (both Invitrogen) were used.

Using BCA protein assay for determining protein concentrations, 20 μg of each sample was
loaded on the gel (Tris-glycine gels, Invitrogen). SDS-PAGE was performed using Tris-
Glycine SDS running buffer and SDS-sample buffer (2×, mixed with beta-mercaptoethanol at
1:50). Detergent free Tris-Glycin running buffer and 2× native sample buffer (Invitrogen) were
used for Native-PAGE. For immunoblotting, proteins were transferred to PVDF membrane
(PerkinElmer, USA). Membranes were blocked in either 5 % milk in Tris-Buffered Saline
Tween (TBS-T) or Li-Cor blocking buffer (LI-COR) for one hour at room temperature before
being incubated with primary antibodies (mouse anti-alpha-synuclein, 1:1000, BD
Transduction; Rabbit anti-gapdh 1:2000; Rabbit anti-luciferase 1:1000) for one to three hours
at room temperature or overnight at 4 °C. After three 5 to 10 min washes using TBS-T,
membranes were incubated at room temperature for one hour with either HRP-conjugated anti-
mouse or anti-rabbit secondary antibodies (1:2000). After three 5 to 10 min TBS-T washes,
immunoblots were analyzed using the ECL chemoluminescent detection system (Amersham/
GE Healthcare, USA).

Results
Confocal single particle fluorescence analysis of α-synuclein aggregation in the presence
of NBB compounds and ferric iron

A panel of three NBB compounds was selected for cell culture studies based on their inhibitory
effects on aggregation of prion protein [1], Poly-Q proteins [20] and α-syn [12]. Compounds
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293G02 and 301C09 were chosen because they were highly active in our single particle
fluorescence aggregation assay (Fig. 1). 293G02 showed a reduction of DMSO induced
intermediate I oligomers by 93.3 % (p<0.05) while 301C09 reduced the oligomer fraction by
97.9 % (p<0.05, both n=4). Moreover, 293G02 has turned out to be also active in inhibition of
aggregation in cell culture models of prion disease and in a Zebrafish in vivo model of Poly-
Q disease, which indicates not only a possible common structure of soluble amyloid oligomers
implying a common mechanism of pathogenesis but also that this compound is active also in
vivo. Compound 306H03 was chosen because it was also active in the Zebrafish in vivo model,
although it had only a weak activity in the in vitro aggregation assay, which may potentially
be due to its more lipophilic properties.

Analysis of α-synuclein aggregation cell culture
In order to analyze α-synuclein aggregation in living cells, we used the bioluminescent protein-
fragment complementation assay (BPCA) as described previously. In order to validate
expression of our α-syn-luciferase constructs, we used denatured SDS-PAGE gels as well as
native gels. Using SDS-PAGE, we could detect expression of both constructs that were co-
transfected as bands of 21 kDa (Syn-hGLuc(1)) and 24 kDa (Syn-hGLuc(2)) (Fig. 2B). In the
native gels, oligomerized α-syn could be detected as high-molecular weight (HMW) species
on the range of approximately 500 to 700 kDa, indicating formation of higher-order oligomers
(Fig. 2A). Interestingly, treatment with 306H03 led to a significant decrease of these HMW-
bands (48 % of control cells, normalized for GAPDH expression (Fig. 2C), p<0.005, n=3). A
corresponding effect was also observed for the total amount of Syn-hGLuc proteins in
denaturing gels indicating that aggregation results in accumulation of these proteins.

Luciferase assay
For detailed quantitative analysis of the effect of NBB compounds on aggregate formation we
measured luciferase activity in cells co-expressing Syn-hGLuc(1) and Syn-hGLuc(2) (Fig. 3).
Compounds 306H03 and 293G02 caused a significant decrease of luciferase activity (51.3 %
of control in case of 306H03 treated cells, p<0.005, 62.9 % of control in case of 293G02 treated
cells, p<0.01, both n=5) compared to controls treated with DMSO only, which indicates a
strong inhibition of oligomer formation. In contrast, compound 301C09 had only a minor effect
in this cell culture assay (Fig 3A). To control for potential unspecific effects of NBB
compounds on cell viability and/or luciferase activity, we also used cells transfected with full
length luciferase. In these experiments, no reduction of luciferase activity was found, which
corroborates that the reduced luciferase activity observed in the bioluminescent protein-
fragment complementation assay is due to a reduction in the amount of α-syn aggregates (Fig.
3B).

We furthermore analyzed the effect of iron on the formation of α-syn oligomers using the same
approach. A 58.6 % (p<0.05) increase of luciferase activity in the bioluminescent protein-
fragment complementation assay was detected at 1 mM FeCl3, indicating an increased
formation of α-syn oligomers. At lower concentrations of ferric iron, luciferase activity was
comparable to untreated cells (Fig. 3C).

Toxicity assay
As both compound 306H03 and compound 293G02 reduced α-syn aggregation in our cell
culture model, we also investigated, whether inhibition of oligomer formation was correlated
with an effect of cell viability. For cytotoxicity assay, we measured the release of adenylate
kinase (AK) from cells into the media. Two different treatment paradigms were used. In the
early treatment paradigm, cells were already treated with the compounds prior to transfection,
whereas in the late treatment paradigm, treatment was started two hours after transfection.
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Whereas in the late treatment paradigm neither 293G02 nor 306H03 showed an effect on AK
release, in the early treatment paradigm a significant reduction of AK-release by 38.1 %
(p<0.05, n=4) in cells treated with 293G02 was observed. In this assay, 306H03 showed only
a minor effect (Fig. 4).

Discussion
Protein aggregation and amyloid formation are the key molecular events in a number of human
diseases such as Alzheimer's disease, Poly-Q disease, prion disease, and Parkinson's disease
(PD) [11]. For PD, a crucial role of α-syn aggregates in disease pathogenesis is suggested by
a wealth of evidence including i) the consistent detection of deposits in affected brain areas
[22] that also correlates with the stage of the disease [3], ii) mutations in the α-syn gene in
certain patients suffering from familial PD [19] and iii) experimental evidence from studies in
vitro [10], in cell culture [18] as well as in animal models including drosophila- [4] and mouse-
models [14]. Recent research suggests that oligomeric aggregation intermediates rather than
mature amyloid fibrils represent the principal toxic aggregate species, which is essential in the
pathogenesis of neurodegeneration and a potential therapeutic target in these diseases [10,
12]. Recently, we reported the effect of NBB compounds as aggregation inhibitors in several
in vitro [1] and in vivo models [20] for prion disease and Poly-Q disease as well as for an in
vitro model of α-syn aggregation [12]. New chemical compounds that target the formation of
pathological protein aggregates may provide a useful experimental tool to investigate the
functional role of these aggregates in vivo and can represent a starting point for the development
of new disease-modifying drugs. Therefore, we wanted to study the effect of NBB compounds
on α-syn aggregation and aggregate toxicity in cell culture. As a suitable cell culture assay, we
chose the bioluminescent protein-fragment complementation assay (BPCA) due to its ability
to directly analyze oligomer formation in cells and to quantify the effect of potential inhibitory
compounds [16,18].

While some of the NBB compounds showed an inhibitory effect on the formation of oligomers,
a converse effect was seen in the presence of 1 mM ferric iron. The fact that ferric iron increases
α-syn aggregation in our cell culture model (Fig. 3C) is consistent with our previous single
molecule results obtained in vitro [12]. This indicates that similar influencing factors can be
observed in both models, which further validates the BPCA approach used by us.

The NBBs used in this study satisfy Lipinski's “rule of five” for drug-likeness [13] by having
fewer than five H-bond donors, 10 H-bond acceptors, a molecular weight smaller than 500,
and a calculated Log P smaller than 5, which in principle predicts good absorption or
permeation in vivo.

Interestingly, for the three closely related NBB compounds used, differences in activity were
found that indicate that inhibitory activity of these compounds in cell culture depends both on
direct molecular potency and on bioavailability. It is well known that permeation through the
cell membrane and metabolization by the cells are important factors in living cells that may
interfere with the activity of compounds that are active inhibitors of protein aggregation in
vitro. This can be observed in the case of 301C09, which is highly efficient in the single particle
model, but not in BPCA. On the other hand, more lipophilic compounds that may have
comparatively low solubility and activity in aqueous buffers may turn out to have relatively
high activity in cell culture. Most likely, the presence of a chloride group in compound 306H03,
rather than hydroxyl groups, enhances cell permeability by decreasing the polar surface area
(TPSA) from 81.92 Å2 (293G02) to 41.46 Å2 (306H03) and increasing the hydrophobicity
(cLogP) from 3.31 (293G02) to 4.94 (306H03). Similar to our previous findings in regard to
Poly-Q aggregation [20], also in regard to aggregation of α-syn, 306H03 was significantly less
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efficient than 293G02 in the single particle in vitro assay, but showed strong activity in living
cells.

The most consistent inhibitory effect both in vitro and in cell culture was found for 293G02
which was also the most active compound in vitro and in vivo in regard to prion inhibition
[1]. 293G02 significantly and consistently inhibited the formation of oligomers in the single
particle SIFT assay and in the bioluminescent protein-fragment complementation assay in cell
culture. Moreover, inhibition of α-syn oligomer formation was paralleled by a reduction in
cytotoxicity in an early treatment paradigm (Fig. 4A). This suggests that toxic α-syn oligomers
are present in our cell culture model and that pharmacological inhibition of oligomer formation
can reduce toxicity.

Thus, this approach provides a suitable model system for the development of new drug
candidates and allows to characterize compounds in regard to inhibition of toxic oligomer
species in the cell. Accordingly, the combination of high-throughput SIFT screening [12] and
hit validation by BPCA provides a valid approach to the development of new drug candidates.
Moreover, NBB compounds such as 293G02 may provide useful tool compounds to dissect
the role of toxic oligomer species in cell culture models and in vivo. In this context it is important
to note that recent studies using monoclonal antibodies indicated the presence of similar
oligomer-specific structural epitopes in oligomers derived from different proteins [9]. This is
in line with our finding that NBB compounds are efficient inhibitors of the formation of
pathological aggregates in different neurodegenerative diseases.
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Fig 1.
A) SIFT two-dimensional intensity distribution histogram showing the induction of small
intermediate I oligomers (1 % DMSO) and larger intermediate II oligomers (1 % DMSO and
10 μM Fe3+) from α-syn as described in Kostka et al. (2008). Treatment with 10 μM 293G02
inhibits the formation of both oligomer species (lower row). B) Inhibition of DMSO-induced
oligomer formation by different N′-benzylidene-benzohydrazide (NBB) compounds was
quantified by cross-correlation analysis. While 306H03 only showed a minor effect, 301C09
reduced aggregation by 97.9 % and 293G02 by 93.3 % compared to DMSO-treated control
samples, respectively. Shown is the mean and standard error (n=4, * p<0.05/student t-test).
C) Chemical structures of the three different NBB compounds used in this study.
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Fig 2.
Biochemical analysis of α-syn oligomer formation in compound-treated H4 neuroglioma cells
transfected with Syn-hGLuc(1) and Syn-hGLuc(2) constructs by Western blot. A) Formation
of higher-order α-syn oligomers can be seen in high molecular weight (HMW) species on the
range of 500 – 700 kDa in a native gel. B) Using SDS-PAGE, accumulation of the two α-syn-
luciferase fusion proteins can be seen. Notably, accumulation corresponds to the amount of
oligomer formation. C) As reference for quantitative analysis, GAPDH expression was
analysed using the same lysates.
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Fig 3.
A) Quantitative analysis of the luciferase activity of cells co-transfected Syn-hGLuc(1) and
Syn-hGLuc(2) constructs showed a 48.7 % decrease of oligomers in case of 306H03 treated
cells (p<0.005) and 37.1 % decrease in case of 293G02 treated cells (p<0.01, both n=5),
normalized to control cells. B) In contrast, no reduction of luciferase activity was detected in
cells transfected with full length luciferase. C) Cells co-transfected with the Syn-hGLuc
proteins and treated with 1 mM FeCl3 showed a 58.6 % (p<0.05) increase of luciferase activity.
In all graphs, the mean and standard error is shown.
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Fig 4.
Effect of NBB compounds on cytotoxicity was quantified by measuring the release of adenylate
kinase. A) A reduction of AK release by 38.1 % (p<0.05, n=4) compared to control cells could
be achieved by 293G02 when compounds were added prior to transfection (“early treatment
paradigm”, see materials and methods). B) In contrast, when compounds were added 2 h post
transfection (“late treatment paradigm”) no effect was observed. In all graphs, the mean and
standard error is shown.
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