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Parkinson's disease is a common neurodegenerative disorder characterized
by α-synuclein (α-Syn)-containing Lewy body formation and selective loss
of dopaminergic neurons in the substantia nigra. We have demonstrated the
modulating effect of noopept, a novel proline-containing dipeptide drug
with nootropic and neuroprotective properties, on α-Syn oligomerization
and fibrillation by using thioflavin T fluorescence, far-UV CD, and atomic
force microscopy techniques. Noopept does not bind to a sterically specific
site in the α-Syn molecule as revealed by heteronuclear two-dimensional
NMR analysis, but due to hydrophobic interactions with toxic amyloid
oligomers, it prompts their rapid sequestration into larger fibrillar amyloid
aggregates. Consequently, this process rescues the cytotoxic effect of
amyloid oligomers on neuroblastoma SH-SY5Y cells as demonstrated by
using cell viability assays and fluorescent staining of apoptotic and necrotic
cells and by assessing the level of intracellular oxidative stress. The
mitigating effect of noopept against amyloid oligomeric cytotoxicity may
offer additional benefits to the already well-established therapeutic
functions of this new pharmaceutical.
© 2011 Elsevier Ltd. All rights reserved.

Introduction
Parkinson's disease (PD) is the second most
common progressive neurodegenerative disorder
characterized by resting tremor, bradykinesia, and
cognitive and emotional disorders among other
cardinal signs. The incidence increases with increasing age and 1–2% of the population above the age of
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65 develop PD. The pathological characteristics of
PD include the formation of intraneuronal fibrillar
inclusions such as Lewy bodies, composed primarily of α-synuclein (α-Syn), and the preferential loss
of dopaminergic neurons in the substantia nigra. 1–4
α-Syn aggregation is an invariant feature of both
sporadic and familial forms of PD and has been
observed in the pathogenesis of multiple system
atrophy and dementia with Lewy bodies as well.
These and other neurodegenerative disorders characterized by α-Syn inclusions are collectively known
as synucleinopathies. 5 Strong genetic, physiological,
and biochemical evidence support the central role of
α-Syn in the pathogenesis of PD: 6–10 specifically,
three mutations in α-Syn (A30P, A53T, and E46K) as
well as duplication/triplication in a region encompassing the α-Syn gene are sufficient to cause earlyonset familial PD; wild-type and mutants of α-Syn
form amyloids under a variety of in vitro conditions,
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and all familial PD mutations accelerate the
aggregation of α-Syn in vitro. 7,11–14 α-Syn is a
14-kDa soluble, intrinsically unfolded protein, 5,15
which is expressed in all neurons and enriched at
many synaptic terminals. 16 Because it is intrinsically disordered, α-Syn is a highly adjustable
protein; its conformation depends drastically on
the environment and it can easily self-assemble
into amyloid oligomers and fibrils under various
conditions. 9,10,12,13 Among multiple amyloid forms
of α-Syn, small soluble oligomers and protofibrils
populated on-pathway to amyloid fibrils are
viewed as the most neurotoxic species in both
intra- and extracellular toxicity. 5,17 This implies
that the formation of insoluble amyloid ﬁbrils may
serve as a protective pathway sequestrating toxic
species from the cellular environment, 18,19 consistent with the presence of Lewy bodies in surviving
neurons.
The dopaminergic neuronal loss and easing of
clinical symptoms for a period by administering Ldopa suggest that there is a link between α-Syn
aggregation and dopamine metabolism. Several
studies demonstrated that L-dopa, dopamine, its
oxidative intermediates, and other catechols can
modulate α-Syn aggregation by inducing the formation of soluble oligomeric intermediates that are
resistant to SDS, not interacting with thioflavin T
(ThT), and stabilized from conversion into amyloid
fibrils. 20–24 Experimental evidence that amyloid
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formation pathways can be effectively manipulated
by other small molecules has been accumulated as
well; 25 for example, the oligomeric cytotoxicity can
be alleviated by curcumin, which also reduces
reactive oxygen species (ROS) levels and protects
cells against apoptosis; 26 epigallocatechin gallate
remodels and detoxifies both cellular and in vitro
produced α-Syn aggregates, 27 while methylene
blue, belonging to the phenothiazine class of
compounds, selectively inhibits amyloid oligomerization but promotes fiber formation in a dosedependent manner. 28
Here, we studied the mitigating effect of the
novel neuroprotective and nootropic (cognitive
enhancer) drug noopept (Noopept®) on the
pathological consequences of α-Syn amyloid formation. Noopept (N-phenylacetyl-L-prolylglycine
ethyl ester) is a water-soluble proline-containing
synthetic dipeptide as presented in Fig. 1, showing
that this is not a planar molecule with both N and
C termini modified with phenol ring and ethyl
ester, respectively. It was selected from the series
of acyl-proline-containing dipeptides due to its
distinct neuroprotective properties. 29 The drug
action is based on its antioxidant and antiinflammatory effects, its inhibitory activity towards the neurotoxicity of excess of calcium and
glutamate, and its ability to improve blood
rheology. 30,31 We have shown recently that noopept improves spatial memory and increases

Fig. 1. Structure of noopept. (a) Chemical formula of noopept. (b) The three-dimensional model of noopept in a stick
representation, as well as its electrostatic surface from the same view as the stick model (c) and rotated by 180° (d). Red
and blue represent negative and positive electrostatic surface potentials, respectively.
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immunoreactivity to Aβ amyloid in an Alzheimer's
disease mice model following olfactory bulbectomy
operation. 32 Noopept has a wide safety margin,
and its pharmacokinetics indicate specific bioavailability for the brain. In essence, noopept is between
200 and 50,000 times more potent than piracetam
as a nootropic agent on a dose-for-dose basis. 33
Noopept produces positive nootropic and cognitive
effect in animal models at 0.01 to 0.8 mg/kg
concentrations. 32,34,35 Currently, noopept tablets
are used for treating cognitive deficiency of
cerebrovascular and posttraumatic origin and
recommended in dosages from 10 to 30 mg/day‡.
By using spectroscopic techniques, NMR, atomic
force microscopy (AFM), and cellular assays, we
demonstrated the modulating effect of noopept on
the α-Syn amyloid formation pathways and its
rescuing neuroblastoma SH-SY5Y cells from amyloid-induced cytotoxicity, which adds a significant
value to its established neuroprotective pharmacological properties.

Results
NMR spectroscopy of α-Syn titrated
with noopept
The effect of noopept on the α-Syn structure was
monitored by recording heteronuclear two-dimensional [ 1H– 15N]-HSQC (heteronuclear single quantum correlation) spectra of α-Syn at an α-Syn:
noopept molar ratio of 1:0, 1:0.5, 1:1, 1:2, 1:5, 1:10,
1:20, and 1:50. We did not observe significant
chemical shift and peak intensity changes, not
even when the spectra of α-Syn alone and with the
highest concentration of noopept were compared.
Figure 2 summarizes these results, showing representative values at an α-Syn:noopept molar ratio of
1:20; all chemical shift changes were below 0.003,
and peak intensity ratios for all resonances were ca
1.0. Therefore, it is unlikely that noopept binds
specifically to monomeric α-Syn, which is not
surprising given that α-Syn is a natively unfolded
molecule and does not possess a sterically specific
binding site.
Effect of noopept on the kinetics of α-Syn
amyloid formation
The effect of noopept on the kinetics of α-Syn
amyloid formation was monitored by the ThT
binding assay (Fig. 3), as the specific interactions
of this dye with the cross-β-sheet-containing amyloids lead to a rise in fluorescence emission. In the
absence of noopept, the time dependence of
‡ http://noopept.com

Fig. 2. Effect of noopept on α-Syn monitored by NMR
spectroscopy. (a) The amide resonances in [ 1H– 15N]HSQC experiments recorded on 50 μM α-Syn in the
absence (black contour levels) or presence of noopept (1:20
molar ratio, red contour levels) are nearly identical, with
only minor (b) chemical shift and (c) intensity changes
observed. For clarity, the [ 1H– 15N]-HSQC experiment
recorded in the presence of noopept is drawn at higher
contour levels. The horizontal line drawn at Δδave = 0.003
(a) represents a cutoff level for significant chemical shift
changes.

amyloid formation of α-Syn in 10 mM sodium
phosphate, pH 7.4, at 37 °C was characterized by a
1-day lag phase, during which ThT fluorescence
remained unchanged; this was followed by a
growth phase, when fluorescence intensity increased, reaching a plateau level after ca 5 days. In
the presence of 1:1 and 1:10 molar ratios of α-Syn to
noopept, the aggregation proceeded much faster. In
both cases, the lag phase was almost eliminated, the
growth phase was much steeper, especially at the
higher concentration of noopept, and the plateau
was reached after 2 days and 1 day, respectively
(Fig. 3). Therefore, noopept clearly shifts the α-Syn
self-assembly process towards fibrillization.
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incubation). These results correlate well with the
α-Syn kinetics of amyloid formation observed by ThT
fluorescence binding assay (Fig. 3), indicating that
noopept shifts the self-assembly process towards the
formation of cross-β-sheet-rich amyloid fibrils.
AFM imaging of α-Syn amyloids

Fig. 3. Noopept promotes α-Syn fibrillation. Time
dependence of α-Syn amyloid formation monitored by
ThT fluorescence: α-Syn was aged alone (continuous line
denoted by squares) and at 1:1 (broken line with circles)
and 1:10 (dotted line with triangles) molar ratios of α-Syn
and noopept.

Effect of noopept on α-Syn β-sheet-dependent
aggregation
Changes in the secondary structure during incubation of α-Syn under amyloid-forming conditions
in the presence and absence of noopept were
monitored by far-UV CD (Fig. 4a–c). Freshly
dissolved α-Syn was characterized by a typical
random-coil CD spectrum with a major negative
peak centered at 198 nm (Fig. 4a). During the first
day of incubation in the absence of noopept, there
were no changes in α-Syn CD spectra reflecting the
lag phase of amyloid formation (Fig. 4d). The shift
towards a β-sheet-like spectrum became evident
during the growth phase, and after 5 days of
incubation, the far-UV CD spectrum of α-Syn
displayed a characteristic β-sheet pattern with a
major minimum observed at ca 218–220 nm and a
maximum centered at ca 200–205 nm (Fig. 4a). Some
increase in the spectral maximum and minimum
amplitudes was observed upon further incubation
up to 7 days, yet the spectral shape did not change.
In the presence of a 1:1 molar ratio of noopept to αSyn, the rapid development of β-sheet CD spectrum
was observed on the second day of incubation, and
subsequent changes reflected only a small ellipticity
increase in the positive band centered at 200–
205 nm, while the ellipticity at the 218- to 220-nm
minimum effectively reached a plateau (Fig. 4b and
d). When noopept was added to α-Syn at a 10-fold
excess, the lag phase was completely abolished and
α-Syn acquired a β-sheet conformation within ca
1 day of incubation (i.e., the signals at both the 205-nm
maximum and the 220-nm minimum plateaued
and displayed only a small increase upon further

The process of α-Syn amyloid self-assembly was
monitored by AFM imaging as shown in Fig. 5.
Freshly dissolved α-Syn in the absence of noopept
was amyloid-free, and after 1 day of incubation, only
particles with a height of ca 0.4–0.7 nm, as measured
in the AFM cross-sections, were observed, which,
according to their dimensions, most likely corresponded to monomeric and tetrameric species 36 (Fig.
5a). After 3 days of incubation corresponding to the
growth phase (Figs. 3b and 4d), a few thin fibrils with
a height of ca 2.0 nm and with a length of up to 1 μm
and even longer were spontaneously assembled (Fig.
5b), but enlarged round-shaped oligomers with a
height of ca 1.0–2.0 nm remained as the dominant
species; their dimensions indicate that these oligomers are from octamers to ecosinomers. 36,37 After
7 days of incubation, the quantity of fibrils increased,
which were significantly thicker and up to 5–6 nm in
height in the AFM cross-sections, but a micrometer in
length or shorter (Fig. 5c, c1). At the same time,
round-shaped aggregates with a height of ca 2.0–
3.0 nm were also significantly populated; their AFM
dimensions suggest that they are ecosinomers and
larger oligomers (Fig. 5c, c1).
In the presence of a 1:1 ratio of α-Syn to noopept,
some oligomeric species that were of ca 1.5 to 2.0 nm
height in the AFM cross-sections as well as thin,
short protofibrils that were of ca 3.0 nm height and
≤ 100 nm length were formed after 1 day of
incubation (Fig. 5d). After 3 days, fibrils that were
up to 5 μm long and with a 7.0–9.0 nm in height
were developed (Fig. 5e). Upon further incubation
for up to 7 days, the fibrils grew even longer,
exceeding 5 μm and intertwined with each other,
forming ca 15-nm-thick bundles as shown in the
representative AFM cross-section in Fig. 5f (f1).
The α-Syn co-incubated with a 10-fold excess of
noopept undergone very rapid amyloid formation.
Within 1 day, a large amount of fibrils (a few
micrometers long and up to 12 nm in height in the
AFM cross-sections) were observed (Fig. 5g); their
quantity increased progressively with further incubation, and after 7 days, clumps of thick amyloid
fibrils of up to ca 15 nm height in AFM cross-sections
were populated (Fig. 5i, i1). It is interesting to note
that similar to the α-Syn fibrils in the absence of
noopept, the fibrils formed in the presence of 10-fold
excess of noopept also tended to break into shorter
stretches upon prolonged incubation from 3 to 7 days,
that is, from ca 5 μm length and longer (Fig. 5h) to
1–2 μm and shorter (Fig. 5i). Therefore, the AFM
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Fig. 4. Effect of noopept on α-Syn amyloid formation monitored by far-UV CD. Far-UV CD spectra of α-Syn alone (a)
and at 1:1 (b) and 1:10 (c) molar ratios of α-Syn and noopept; the age of the samples is shown in captions. Time
dependence of changes in ellipticity at 218 nm (d); the samples are marked as in Fig. 1b.

imaging of the amyloid assemblies (fibril formation
versus oligomers) is consistent with the kinetics of
amyloid formation followed by the spectroscopic
techniques as presented above (Figs. 3 and 4).
Noopept rescues cytotoxicity induced by α-Syn
amyloids in SH-SY5Y cells
The viability of SH-SY5Y neuroblastoma cells in
the presence of α-Syn amyloids and noopept was
assessed by the water-soluble tetrazolium salt
(WST-1) assay (Fig. 6). In viable cells, WST-1
undergoes reduction by mitochondrial dehydrogenases (succinate–tetrazolium reductase system) to
soluble formazan, which serves as an indicator of
the amount of metabolically active cells. SH-SY5Y
cells were treated with 50 μM aged α-Syn amyloids
for 24 h and 48 h. Freshly dissolved α-Syn added at
the same concentration did not affect the cell
viability after both 24 h and 48 h of co-incubation;
that is, the latter was characterized by higher error

bars, indicating that changes were not significant.
When cells were treated with 1-day-aged α-Syn
species, the viability did not change after 24 h of coincubation and reduced by ca 20% after 48 h. The cell
viability was reduced by ca 20% after 24 h and by ca
50% after 48 h when 3- and 7-day-aged α-Syn
amyloids were added. However, when SH-SY5Y
cells were treated with α-Syn amyloids in the
presence of either 1:1 or 1:10 molar ratios of α-Syn
to noopept, cell survival was completely restored to
the level of untreated cells after 24 h of co-incubation
and to ca 90% after 48 h, respectively. Noopept itself
did not affect the cell viability (Fig. 6) as well as the
amyloid incubation buffer when added to cells (data
not shown).
The effect of α-Syn amyloids on SH-SY5Y cell
viability was also assessed by monitoring lactate
dehydrogenase (LDH) release (Fig. 7a), which
showed good agreement with the WST-1 assay
results. LDH is a cytosolic enzyme that is rapidly
released into the cell culture supernatant upon
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Fig. 5. AFM images of α-Syn amyloids. AFM images of α-Syn alone incubated for 1 day (a), 3 days (b), and 7 days (c); samples containing 1:1 and 1:10 molar ratios of
α-Syn and noopept co-incubated for 1 day (d and g), 3 days (e and h), and 7 days (f and i). In all images, the xy-scale is 5 μm × 5 μm. Representative cross-sections of
amyloid structures; the place of cross-sections in the original images is shown by a green line and arrows (c1 corresponds to c; f1 to f; and i1 to i).
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Fig. 6. Noopept rescues α-Syn amyloid induced cytotoxicity on SH-SY5Y cells as measured by the WST-1 assay. The
percentage of viable cells is shown in the y-axis, and the samples added to cells are described along the x-axis. Cell
viability was measured after 24 h (black bars) and 48 h (gray bars) of co-incubation with amyloids.

damage of the plasma membrane, serving as a
measure of cell injury. The sample with 7-day-aged
α-Syn amyloids caused a significant rise in LDH
release, which was entirely abolished when the
amyloid samples containing noopept either at 1:1 or
1:10 molar ratio of α-Syn to noopept were added to
cells. In control measurements, freshly dissolved αSyn, noopept alone, and the amyloid buffer did not
affect LDH release. Thus, noopept rescues the
cytotoxicity of α-Syn amyloids by inducing the
sequestration of the toxic amyloid oligomers into
less harmful fibrillar material.
Noopept decreases ROS level induced by α-Syn
amyloids
ROS are by-products of normal cellular oxidative
processes; however, their level rises significantly
upon stress conditions induced by adding α-Syn
amyloids (Fig. 7b and c). The ROS level increased
significantly in SH-SY5Y cells upon addition of 7day-aged α-Syn amyloids as monitored by fluorescence of dichlorofluorescein, which is an oxidized
product of 2,7-dichlorofluorescein diacetate. The
observations were performed by measuring the
fluorescence intensity of stained cells in a 96-well
plate (Fig. 7b) and under a fluorescent microscope
(Fig. 7c, left, upper panel). The fluorescence decreased progressively when the samples contained
increasing concentration of noopept, that is, 1:1 and
1:10 molar ratios of α-Syn to noopept (Fig. 7b and c,
upper panel). Noopept itself, freshly dissolved αSyn, and the amyloid buffer did not cause an
increase in dichlorofluorescein fluorescence above

the level of untreated cells within experimental
error. As the production of ROS is likely induced by
amyloid oligomers, their sequestration from solution under the influence of noopept effectively
reduces the level of ROS.
Fluorescent staining of SH-SY5Y cells
Combined staining of SH-SY5Y cells with fluorescent-labeled Annexin V and propidium iodide was
also performed to validate the effect of noopept on
amyloid-induced cytotoxicity (Fig. 8). Annexin V is a
protein that binds specifically to phosphatidylserine
on the cell surface, when the latter is transferred from
the inner to the outer leaflet of the cell membrane
bilayer during early apoptosis, while propidium
iodide penetrates through the damaged plasma
membranes and stains DNA fragments during
necrosis or late apoptosis. In control experiments,
untreated cells as well as cells in the presence of
noopept alone (500 μM) and freshly dissolved α-Syn
did not display any staining, and the bright-field
images acquired simultaneously confirmed that the
cells were healthy. In the presence of 1- and 3-dayaged α-Syn amyloids, cells were stained with both
dyes displaying green (Annexin V) and red (propidium iodide) fluorescence observed under a fluorescent microscope (Fig. 8). However, cells treated with
1-day-aged amyloids showed stronger staining with
Annexin V, indicating predominantly apoptotictype cell death, than cells in the presence of 3-dayaged amyloids, which displayed brighter red propidium iodide staining, suggesting an increasing
contribution of necrotic-type death. Propidium
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Fig. 7. Protective effect of noopept on SH-SY5Y cells treated with α-Syn amyloids by monitoring LDH release and
ROS. (a) The percentage of LDH release after 6 h of co-incubation with the samples of interest is shown in the y-axis,
and the samples added to cells are described along the x-axis. (b) ROS level in SH-SY5Y cells estimated by DCF
fluorescence. The percentage of ROS proportional to DCF fluorescence in treated compared to untreated cells is shown
on the y-axis, and the samples added to cells are described along the x-axis. (c) ROS level in SH-SY5Y cells monitored by
DCF fluorescence via a fluorescence microscope with 10× magnification. Samples added to cells are denoted in captions.

iodide staining was dominant in the SH-SY5Y cell
sample to which 7-day-aged amyloids were added,
showing that the majority of cells die via necrotic
pathways. Bright-field images of the samples treated
with 1- and 3-day-aged α-Syn amyloids showed

shrinking and compaction of some cells, characteristic of their apoptotic death, while cells to which 7day-aged amyloids were added displayed rather
necrotic morphology characterized by lysed cell
membranes (Fig. 8).

Fig. 8. Morphology and Annexin V/propidium iodide staining of SH-SY5Y cells treated with α-Syn amyloids and
noopept. Bright-field and fluorescent images (Annexin V, green fluorescence; propidium iodide, red fluorescence)
were taken at the same time over the same area. Control samples with untreated cells, treated with noopept alone
and with freshly dissolved α-Syn are shown in the upper panel as indicated in captions. Cells treated with 1, 3 and7-day aged α-Syn amyloids with and without noopept are shown below as indicated in captions. All images are
acquired with 20× magnification.
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By contrast, upon addition to SH-SY5Y cells of
amyloids together with noopept at 1:1 and 1:10
molar ratios of α-Syn to noopept, their propidium
iodide fluorescent staining did not exceed the
control level. The staining with Annexin V was
observed only when 1-day-aged amyloids in the
presence of equimolar ratio of noopept were added
and the staining was reduced to the control level
when the molar ratio of α-Syn to noopept increased
to 1:10. In all noopept-containing samples, cells
displayed predominantly healthy morphology in
bright-field imaging (Fig. 8). Thus, the α-Syn
amyloids produced in the presence of noopept
display reduced cytotoxicity since noopept rescues
from both apoptotic cell death caused by the
amyloid oligomers by reducing their quantity in
solution, and it also reduces the necrotic cell death
caused by short fibrils by promoting fibrillar
elongation (Figs. 5 and 8).

Discussion
The novel proline-containing dipeptide drug
noopept was designed as an analog of piracetam,
which belongs to the first generation of nootropic
drugs. 38 Noopept, however, produces a nootropic
effect at much lower concentrations and can be
applied over a wider range of pathological conditions; for example, it also displays anxiolytic effects
and is used in anxiety treatment. 39,40 It has been
demonstrated that noopept affects synaptic transmission in central neurons, 41 decreases activity of
stress-induced kinases, and increases expression of
neutrophines in rat hippocampus; 42 it prevents
oxidative damage and apoptosis in normal and
Down's syndrome human cortical neurons as well. 30
Since many neurodegenerative conditions are accompanied by amyloid formation and amyloid
cytotoxicity, we have shown here for the first time
that noopept significantly modulates the amyloid
assembly of α-Syn, the amyloidogenic protein
involved in PD and other neurodegenerative synucleinopathies. There is another well-known example
of epigallocatechin gallate compound that promotes
conversion of toxic amyloid oligomers into nontoxic
aggregates. 27,43 Here, we have also observed that
aggregation might be beneficial for a model system
in which aggregated α-Syn is given to cells as an
exogenous species. As noopept is used as a drug, the
further stringent evaluation of the in vivo conditions
in animal and other models is required to insure the
safety of drug usage, although, to date, the clinical
administration of noopept gave only positive results
without noticeable side effects. 39
By using the ThT binding assay, far-UV CD
spectroscopy, and AFM, we have demonstrated
that in the presence of increasing concentrations of
noopept, the lag phase in α-Syn amyloid assembly,
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where toxic oligomers are highly populated, practically disappeared (Figs. 3 and 4). At the same time,
the overall fibrillation was promoted (Fig. 5), as
reflected in enhanced ThT fluorescence and rapid
development of typical β-sheet far-UV CD spectra.
Moreover, if in the absence of noopept significant
populations of amyloid oligomers were observed
even after 7 days of incubation and fibrils were
typically less than a micrometer in length (Fig. 5c), in
the presence of 1:10 molar ratio of α-Syn to noopept,
we already did not observe any oligomers after
1 day and the fibrils grew much longer, reaching a
few micrometers, and three to four times thicker as
measured in the AFM cross-sections (Fig. 5).
It is important to note that noopept does not bind
to specific binding sites in monomeric α-Syn
molecule; this is evident from [ 1 H– 15 N]-HSQC
spectra recorded in the absence and presence of
noopept, showing a lack of significant chemical shift
changes for the sequence-specifically assigned
amide resonances of the α-Syn molecule (Fig. 2).
Due to the presence of the phenol ring and proline
group in its structure, noopept most likely exerts its
fibrillation-promoting effect via nonspecific hydrophobic interactions with amyloid oligomers and
fibrils. Given that noopept is a small molecule, its
phenol ring can be readily available for the interactions with the phenol stacking if such takes
place during the polypeptide amyloid assembly. 44
Indeed, α-Syn possesses a few Phe residues, which
can potentially contribute to the π-stacking. It has
been suggested and convincingly demonstrated
using model peptide sequences that in addition to
cross-β-sheet formation, the π-stacking of planar
aromatic rings can also contribute to fibrillar selfassembly and stability. 44,45 Further high-resolution
structural studies will reveal the precise mechanism
of noopept interactions with α-Syn amyloids.
As the amyloid cytotoxicity is attributed primarily
to oligomeric and protofibrillar species, 5,17,36,37 the
enhanced fibrillation propensity can be beneficial,
entrapping potentially harmful structures within less
harmful mature amyloid fibrils and insoluble fibrillar
clumps that effectively serve as a sink for toxic
compounds. In the case of α-Syn, a wide range of
oligomeric species displayed toxicity as evident from
Figs. 5 to 8. Indeed, in the 1-day-aged sample, there
were monomeric α-Syn present as specs in the AFM
images with a height of 0.4 nm and larger oligomers
with a height of 0.7 nm, which likely correspond to
tetramers, as estimated from AFM cross-section
analysis and calculation of particle volume by the
spherical cap approximation. 34,40 The latter induced
mostly apoptotic-type cell death as demonstrated by
Annexin V and propidium iodide fluorescent staining
and typical apoptotic cell morphology observed in the
bright-field microscopy. 46 In the 3-day amyloid
sample, the larger oligomers with a height of ca
1–2 nm were highly populated as evident in the
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AFM imaging, corresponding to ecosinomers and
even larger oligomers; 34,40 they were characterized by
β-sheet structure as shown by ThT binding and
far-UV CD, and these species were highly toxic,
causing mixed apoptotic and necrotic cell deaths
(Fig. 8). The 7-day-aged amyloid sample containing
ecosinomers and larger oligomers (2–3 nm height)
and short fibrils induced significant decreases in
cell viability via a predominantly necrotic pathway
(Fig. 8). Apart from toxic oligomers, necrotic cell
death can also be induced by short fibrils as has been
shown previously 47 and which were obviously
present in this sample.
By contrast, the long mature fibrils of α-Syn
formed in the presence of noopept were not toxic.
This was corroborated by the restored viability of
SH-SY5Y neuroblastoma cells monitored by WST-1
and LDH release assays (Figs. 6 and 7), lack of
fluorescent staining with Annexin V and propidium
iodide (Fig. 8), and reduction of oxidative stress (Fig.
7). While the major effect of noopept can be
attributed to promoting fibrillation versus oligomerization (Figs. 3–5), its additional protective effect on
cells per se in the presence of amyloids cannot be also
excluded as this has been shown previously for
hydrogen-peroxide-induced toxicity. 30
In conclusion, noopept's ability to rescue amyloid
cytotoxicity by redirecting harmful oligomeric and
protofibrillar species into fibrillar aggregates and
thus removing them from free floatation adds value
to the other beneficial properties of this novel
pharmaceutical compound and should be considered in therapeutic strategies targeting PD and other
amyloid-related neurodegenerative disorders.

NMR spectroscopy
NMR experiments were carried out at 10 °C on a Bruker
AVANCE spectrometer operating at 600 MHz (proton
frequency) and equipped with a 5-mm triple-resonance,
pulsed-field z-gradient cryoprobe. Heteronuclear twodimensional [ 1H– 15N]-HSQC spectra were recorded by
using 50 μM α-Syn in 10 mM sodium phosphate buffer,
pH 7.4, and 5% D2O. Recorded experiments were
processed using NMRPipe, 49 and peak positions and
intensities were determined in NMRView. 50 The weighted
average of the 1H and 15N chemical shift difference
(Δδave = (0.5[Δδ( 1H) 2 + (0.2Δδ ( 15N)) 2])1/2) and the ratio
of peak intensities between the different experiments were
derived and presented by using the software Grace
(plasma-gate.weizmann.ac.il/Grace), together with the
previously reported 1H and 15N chemical shift assignment
for α-Syn. 51,52
ThT binding assay
ThT binding amyloid assay was carried out as described
previously. 46 Fluorescence measurements were performed on a Jasco spectrofluorimeter FP 6500 (Jasco,
Japan), using excitation at 440 nm, measuring emission
between 460 and 520 nm, and taking intensity at 485 nm as
a measure of ThT binding. Excitation and emission slits
were set at 5 nm.
Circular dichroism
The far-UV CD spectra were recorded on a Jasco J720
CD UV spectrometer at room temperature, using a 1-mm
light path quartz cell. Relative ellipticity is presented.
Atomic force microscopy

Materials and Methods
Materials
Wild-type and 15N-labeled α-Syn were obtained from
AlexoTech AB (Umeå, Sweden). Noopept (N-phenylacetyl-L-prolylglycine ethyl ester, MW 319) was designed and
synthesized at the State V. V. Zakusov Institute of
Pharmacology, Russian Academy of Medical Sciences
(RAMS). 48 All other chemicals were purchased from
Sigma (USA) unless stated differently. The amyloid
samples were produced by incubation of 200 μM α-Syn
in 10 mM sodium phosphate buffer, pH 7.4, at 37 °C under
continuous gentle magnetic stirring.
Molecular modeling
A three-dimensional model of noopept was generated
in the Molecular Operating Environment program, version 2009.10 (Chemical Computing Group Inc., Canada),
by using simulated annealing followed by energy minimization (MMFF94x force field). The Molecular Operating
Environment program was also used for preparing a stick
image and electrostatic surface of noopept.

AFM measurements were performed on a PICO PLUS
microscope (Agilent, USA) in a tapping mode using a
100-μm scanner with acoustically driven cantilevers
operating at a resonance frequency in the 320- to 370kHz range. Scanning resolution was 512 × 512 pixels. The
scanning was performed in trace and retrace to avoid the
scan artifacts. Specimens were diluted in Milli-Q water,
incubated on freshly cleaved mica for 10 min, subsequently
washed with 2 × 200 μl Milli-Q water, and dried overnight
at room temperature. To determine the dimensions of
amyloid species, we carried out a cross-section analysis of
height images using PICO PLUS software.
Cell culture
SH-SY5Y cells were cultured in Dulbecco's modified
Eagle's medium supplemented with 10% (v/v) fetal
bovine serum and antibiotics in a 5% CO2 humidified
atmosphere at 37 °C. Cells were plated at a density of 10 4
cells/well in 96-well plates; after 24 h of incubation, the
medium was changed before incubation with amyloid
samples. Samples of α-Syn solutions were initially diluted
in the culture medium and then added to the cells at a final
concentration of 50 μM.
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WST-1 cell viability assay

Statistical analysis

In order to evaluate cell viability, we added 10 μl of
WST-1 reagent (Roche, Germany) per 100 μl of cell
culture and we incubated samples at 37 °C for 4 h.
Absorbance was measured by an ELISA plate reader
(Sunrise, Tecan, USA) at 450 nm. Cell viability was
expressed as a percentage of the absorbance in wells
containing cells treated with amyloids compared to the
control untreated cells.

All experiments were performed in triplicate or duplicate. Statistical analysis was performed by using Student's
paired t test, and data are shown as mean ± SEM. p b 0.05
was considered significant.

Acknowledgements
LDH release
After the incubation of cells with α-Syn amyloids, 100 μl
of culture medium was taken from the wells, mixed with
100 μl of LDH reaction solution (prepared according to the
manufacturer's instructions, Roche), and incubated at
room temperature for 30 min. Absorbance was measured
at 492 nm using an ELISA plate reader. Untreated cells
(low control) and those treated with 1% (v/v) Triton X-100
(high control) were used to determine spontaneous and
maximum release of LDH, respectively. The percentage of
cell cytotoxicity was calculated as:
Cytotoxicity ¼

experimental − low control
× 100%
high control − low control

Measurement of intracellular ROS formation
The formation of intracellular ROS was measured
using a fluorescent probe, 2,7-dichlorofluorescein diacetate (Invitrogen, Sweden), as described in the literature. 53
After incubation of cells with α-Syn amyloids in a 96well plate for 6 h, dichlorofluorescein diacetate (10 μM
final concentration) was added to each well and the cells
were incubated in dark conditions at 37 °C for 1 h. The
fluorescence intensity of dichlorofluorescein (the oxidized species of dichlorofluorescein diacetate) was
measured by a Jasco fluorescence spectrometer using
excitation at 485 nm and emission at 535 nm. The
fluorescence in untreated cells was taken as 100%.
Specimens were also examined under an Axiovert 40
CFL fluorescent microscope (Carl Zeiss MicroImaging,
Germany) with a 10× magnification.
Annexin V/propidium iodide staining
In order to stain cells with the Annexin V-FLUOS
Staining Kit (Roche), containing Annexin V-fluorescein
and propidium iodide, we cultured cells in 8-well BD
Falcon culture slides (BD Biosciences, Sweden). After
incubation with 50 μM α-Syn amyloids for 48 h, cells
were washed with phosphate-buffered saline and covered with the Annexin V-FLUOS labeling solution
prepared according to the manufacturer's instructions
(Roche). The slides were incubated at room temperature
for 15–20 min. Specimens were examined under an
Axiovert 40 CFL fluorescent microscope (Carl Zeiss
MicroImaging) equipped with an AxioCam MRm digital
camera, with the use of an AxioVision image analyzing
software.
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