
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier.com/locate/bmc

Anti-oligomerization sheet molecules: Design, synthesis and evaluation of
inhibitory activities against α-synuclein aggregation
Hao Liua,1, Li Chena,1, Fei Zhoua, Yun-Xiao Zhanga,⁎, Ji Xub,⁎, Meng Xuc, Su-Ping Baid,⁎

a College of Chemistry and Molecular Engineering, Zhengzhou University, Daxue Road 75, 450052 Zhengzhou, China
b School of Basic Medical Science, Neuroscience Research Institute, Academy of Medical Sciences, Zhengzhou University, Kexue Road 100, 450001 Zhengzhou, China
c Department of Information of the First Affiliated Hospital, Zhengzhou University, Jianshe Road 1, 450052 Zhengzhou, China
d College of Pharmacy, Xinxiang Medical University, Jinsui Road 601, 453003 Xinxiang, China

A R T I C L E I N F O

Keywords:
α-Synuclein
Anti-aggregation
Inhibitor
Synthesis

A B S T R A C T

Aggregation of α-synuclein (α-Syn) play a key role in the development of Parkinson Disease (PD). One of the
effective approaches is to stabilize the native, monomeric protein with suitable molecule ligands. We have
designed and synthesized a series of sheet-like conjugated compounds which possess different skeletons and
various heteroatoms in the two blocks located at both ends of linker, which have good π-electron delocalization
and high ability of hydrogen-bond formation. They have shown anti-aggregation activities in vitro towards α-
Syn with IC50 down to 1.09 μM. The molecule is found binding in parallel to the NACore within NAC domain of
α-Syn, interfering aggregation of NAC region within different α-Syn monomer, and further inhibiting or slowing
down the formation of α-Syn oligomer nuclei at lag phase. The potential inhibitor obtained by our strategy is
considered to be highly efficient to inhibit α-Syn aggregation.

1. Introduction

Parkinson’s disease (PD) is one of the most common neurodegen-
erative diseases which affects approximately 1% of the population over
65 years of age, and the percentage has reached 1.7% in China.1–4 The
underlying molecular pathogenesis of PD involves multiple mechan-
isms: α-Synuclein (α-Syn) proteostasis, mitochondrial dysfunction,
oxidative stress, calcium homeostasis, axonal transport and neuroin-
flammation. α-Syn monomer is a protein composed of 140 amino acids
with high conformational flexibility. Although the precise function of α-
Syn remains unclear, a growing number of studies have authenticated
the effects of α-Syn on neuronal Ca2+ homeostasis, modulation of
neurotransmitter release and regulation of dopamine synthesis, storage,
clearance and efflux.5 Futhermore, α-Syn has shown some other sy-
naptic functions such as protein interactions, lipid transport, lipid
packing and membrane biogenesis, and molecular chaperone activity.6

In all PD cases, it was found that the intraneuronal protein aggregates in
substantia nigra are largely consist of α-Syn. The aggregation process
had been demonstrated when soluble α-Syn monomers form oligomers,
then progressively aggregate to small protofibrils and eventually large,
insoluble amyloid fibrils. The fibrils are neurotoxic and led to the death
of dopaminergic neurons, which strongly support the notion that α-Syn

is a key player in PD.7–9 α-Syn consists of three main domains: an
amphipathic N-terminal region (1–60), which has alpha-helical pro-
pensity and is involved in membrane binding; a hydrophobic central
region (61–95), known as the non-amyloid-beta component (NAC),
which is responsible for its aggregation; an acidic unstructured C-
terminal region (96–140) enriched in negative charged and proline
residues, which provides flexibility to the polypeptide (Fig. 1A).10–12

The NAC region is the most aggregation-prone region of α-Syn. The
aggregation can be divided into three phases: the lag phase, the elon-
gation phase, and the stationary phase. In the lag phase, α-Syn mono-
mers accumulate to form oligomer nuclei, which is considered the rate-
limiting step in the aggregation pathway. Once a certain number of
nuclei have formed, they start to form fibrils via elongation phase, and
stationary phase.13 Many factors modulate the aggregation process of
α-Syn, such as genetic factors, post-translational modifications, pro-
tein–protein interactions and environmental factors. The environmental
factors include pH changes, metal ions, lipids, small molecules, etc.14,15

The solid-state NMR and micro-electron diffraction (Micro ED)
measurements have revealed that the mature fibril contain several
protofilaments with a cross β-sheets structure, in which individual β-
strands run perpendicular to the fibril axis.11,16–18 It has a proposed
structure comprising a strongly protected region core with in-register β-
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sheets in a Greek key motif (Fig. 1B).19 The NACore (68–78) is the fibril
forming core of the NAC domain of full-length α-Syn.

To date, an increasing number of peptide or antibody-based in-
hibitors have been shown to have inhibitory effects on α-Syn ag-
gregation. In addition, many natural small molecules have been found
to have good inhibitory effects including polyphenols such as exifone,
rosmarinic acid, gallic acid, curcumin; flavonoids such as baicalein,
delphinidin, (-)-epigallocatechin 3-gallate (EGCG), quercetin; congo
red; vitamin A, etc.20–27 The synthesized small molecular inhibitors
have also been significantly reported such as phenothiazine analogs,
LDS 798, 46a, etc.28,29 In particular, Otzen et al developed a high-
throughput screening assay combining SDS-stimulated α-Syn aggrega-
tion with FRET to reproducibly detect initial stages in α-Syn aggrega-
tion. Of the 58 compounds markedly inhibit α-Syn aggregation, the
most effective ones were derivatives of (4-hydroxynaphthalen-1-yl)
sulfonamide.30 Similarly, Ventura et al identified a potent small mole-
cule (SynuClean-D) via high-throughput screening. SynuClean-D sig-
nificantly reduces the in vitro aggregation of wild type α-Syn. This
compound prevents fibril propagation in protein-misfolding cyclic
amplification assays and decreases the number of α-Syn inclusions in
human neuroglioma cells (Scheme 1).31

By comparing the structural characteristics of these molecules, it is
found that most compounds possess a conjugate and sheet structure with
strong π-electrons delocalization and hydrogen bonding property. Based on
these present evidences, our goal is to design suitable small molecules,
which have strong binding force with the NACore and interfering the for-
mation of β-sheets structure, blocking the formation of oligomer nuclei in
the lag phase, and further preventing the development of α-Syn fibrillation.
In this paper, we report the design, synthesis of a series of sheet-like con-
jugated compounds with different skeleton and various heteroatom, and
their inhibitory activities against α-Syn aggregation.

2. Results and discussion

2.1. Chemistry

The serie 1 compounds were designed as benzoxazole or benzimi-
dazole conjugated pyridine linked by diene (3a-3q, Scheme 2). Starting

from commercial available 2-chloroacetonitrile, ethyl-2-chlor-
oacetimidate hydrochloride (Int 1) was prepared. (E)-3-(pyridin-4-yl)
acrylaldehyde (Int 2) and (E)-3-(pyridin-2-yl)acrylaldehyde (Int 3)
were prapared through Aldol condensation of pyridylaldehyde with
acetaldehyde. The key intermadiates 2-(chloromethyl)benzoxazoles
and 2-(chloromethyl)benzimidazoles, 1a-1i were obtained via sub-
stituted o-phenylenediamine or o-aminophenol condensed with Int 1 in
high yields. Phosphonium chlorides 2a-2i were synthesized by reacting
1a-1i with triphenylphosphine. Compounds 3a-3q were synthesized
from 2a to -2i and Int 2 or Int 3 via Wittig reaction in medium
yields.32–34 NMR data analysis shown these target molecules possess
full-trans structure.

The series 2 compounds were designed as pyridine conjugated
benzamide derivatives and substituted benzene linked by dienone (5a-
5o, Scheme 3). Starting from commercial available 4-acetylbenzoic acid
and substituted amines, the key intermadiates, amides 4a-4g and 4h-4j
were prepared under DCC and DMAP in high yield.35–37 Compounds
5a-5g and 5h-5j were synthesized from 4a to 4g or 4h-4j and Int 2 via
Aldol reaction under CH3OH-CH3ONa in medium yields. Similarly,
compounds 5k-5o were obtained from p-substituted acetophenone and
Int 2 via Aldol reaction under EtOH-NaOH in medium yields. NMR data
analysis confirm that the dienone linker in 5a-5o possess full-trans
structure.

The serie 3 compounds were designed as pyridine conjugated sub-
stituted benzene and benzoic acid derivatives linked by 1,4-divi-
nylbenzene (8a-8n, Scheme 4). Starting from commercial available 4-
methylpyridine and terephthalaldehyde, (E)-4-(2-(pyridin-4-yl)vinyl)
benzaldehyde (Int 4)was prepared via Aldol condensation, and when 4-
methylpyridine was excess, the bilaterally addition product 8 formed as
main product. The intermadiates p-substitued benzyl bromide 6a-6d
and 6e-6j were prepared through different methods. The former was
prepared by direct bromination on p-substitued toluene with NBS, and
the latter was prepared by esterification of 4-bromomethylbenzoic acid
with alcohols under DCC-DMAP. Phosphonium bromides 7a-7j were
synthesized by reacting 6a-6j with triphenylphosphine. Compounds 8a-
8j were synthesized from 7a to 7j and Int 4 via Wittig reaction in
medium to high yields.38,39 Compounds 8l-8o were prepared from p-
substituted aniline and pyridinylvinylstyrylbenzoic acid 8k via amida-
tion. Compound 8k was from hydrolysis of 8e. These target molecules
have trans structure confirmed by NMR.

2.2. Biological evaluation

To investigate the inhibitory activities of the three series compounds
against α-Syn aggregation, thioflavin T (ThT) fluorescence assays were
utilized to detect the kinetic of aggregation. ThT, a fluorescent dye, is
weakly fluorescent in the presence of monomeric α-Syn in the lag phase
of α-Syn monomers accumulating to form oligomer nuclei or in an α-
Syn fibril-free system. Inversely, in the presence of α-Syn fibrils, ThT is
able to bind to the groove of β-sheet protein chain parallel to the fibril
axis and fix the rotation around CeC bond in ThT molecule, thereby
resulting the increase of ThT fluorescence.26,28,29 Understandably, ThT
fluorescence intensity can quantitatively reflect the kinetics and abil-
ities of compounds inhibiting towards the aggregation of α-Syn.

Initially, ThT fluorescence detection parameters were optimized
according to previous report.29 The ThT fluorescence maximum emis-
sion wavelength was obtained at 482 nm (λem= 482 nm) under ex-
citation light wavelength at 450 nm (λex= 450 nm) by scanning the
emission wavelength of free ThT, ThT-monomeric α-Syn and ThT-fibrils
respectively, and it should be noted that no increase in fluorescent
emission was observed in free ThT system as well as ThT-monomeric α-
Syn.

Next, the concentration of compound as inhibitor was optimized,
which was incubated with 40 μM α-Syn solution in 0.1M PBS for
3 days, and then added 20 μM ThT to the system. Choosing the pre-
viously synthesized compounds (series 1) as models, 3a, 3c and 3d

Fig.1. A) α-Syn domain structure: N-terminus (green), NAC region (61–95, red)
including NACore (68–78) and C-terminus (blue). B) 3D structure of α-Syn fi-
bril: residues 25 to 105 of 8 monomers showing the β-sheet alignment of each
monomer in the fibril and the Greek-key topology of the core.
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were set respectively to three concentration gradients, 1 μM, 30 μM and
100 μM. The fluorescence intensity was obtained by subtracting the PBS
background. The blank group was fluorescence intensity of the tested
system without inhibitor (compound), and thereby obtained the max-
imal fluorescence intensity. The value of blank group fluorescence in-
tensity was set as 1 (100%). The ratio of the measured fluorescence
intensity of the tested system within compound to that of blank group

was difined as the relative fluorescence intensity. In fact, there was a
positive correlation between the percent reduction of relative fluores-
cence intensity and the inhibitory activity of the evaluated compound.
The results shown that the value of relative fluorescence intensity was
dose-dependent with concentration of compounds, but at the higher
concentration (100 μM), the fluorescence intensity did not shown sig-
nificant decrease (Fig. 2A). As a result, 30 μM was chosen as an

Scheme 1. Reported natural and synthesized small molecular inhibitors on α-Syn aggregation.

Scheme 2. Synthesis of 3a-3q. Reagents and conditions: a) absolute EtOH, HCl (g), Et2O, 0 °C, 5.5 h, 81%; b) DCM, TBAB, K2CO3, CH3CHO (40%), 0 °C, 5 h, 46%; c)
DCM or CH3OH, Int 1, r. t., 6 h, 75–80%; d) triphenylphosphine, toluene, 120 °C, 12 h, 60–67%; e) DMF, Int 2 or Int 3, CH3ONa, r. t., 5 h, 52–57%.
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Scheme 3. Synthesis of 5a-5o. Reagents and conditions: a) DCM, 4-acetylbenzoic acid, DCC, DMAP, 0 °C, 12 h, 80–94%; b) CH3OH, CH3ONa, Int 2, 0 °C, 12 h,
50–64%; c) EtOH, NaOH, Int 2, 0 °C-r. t., 4 h, 40–60%.

Scheme 4. Synthesis of 8-8n. Reagents and conditions: a) AC2O, reflux, 6 h, 4-methylpyridine:terephthalaldehyde= 1:1(mol/mol), 85% of Int 4; 4-methylpyr-
idine:terephthalaldehyde=2.5:1, 88% of 8; b) CCl4, NBS, reflux, 3 h, 60–70%; c) triphenylphosphine, toluene, 120 °C, 12 h, 70–80%; d) DCM, Int 4, NaOH, H2O, r.
t., 4 h, 60–70%; e) DCM, 4-bromomethylbenzoic acid, DCC, DMAP, 0 °C, 12 h, 70–80%; f) NaOH, H2O, 60 °C, 6 h, 85%; g) DCM, p-substituted aniline, DCC, DMAP,
0 °C, 12 h, 70–84%.
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appropriate concentration to apply in the following evaluations. Fur-
thermore, the inhibitory kinetic of these compounds to α-Syn fibrilla-
tion was investigated under the optimized conditions above. The re-
lative fluorescence intensity was measured in 40 μM α-Syn solution
incubated with 30 μM of 3a, 3b and 3d respectively (Fig. 2B). The
formation kinetics of fibrils without inhibitor (black curve) displayed
three phases: (i) lag phase, the formation of β-sheets nucleus during the
first 7 h, (ii) elongation phase, the logarithmic increase of β-sheets
during 7–48 h, and (iii) stationary phase, the saturation of β-sheets
during 48–72 h. The addition of compounds caused slower increase of
the relative fluorescence intensity over the time, which indicated the
inhibitory effect of these compounds on α-Syn fibril formation. To
confirm the relative fluorescence intensity results, the morphology of α-
Syn during the conformation transition with and without inhibitor were
observed by transmission electron microscope (TEM) (Fig. 2B right).
The upper right TEM image in Fig. 2B shown the image of α-Syn alone
after 72 h incubation, which exhibit the typically bundled fibrils
formed. The lower right TEM image in Fig. 2B shown the image of α-
Syn after 72 h incubation with compound 3b at 30 μM. Compared to the
bundled fibrils above, the fibrils appeared thinner, revealing an effec-
tive inhibition of α-Syn fibrillation by 3b.

Under the same condition described above, most compounds of
series 1, series 2 and series 3 were evaluated for their relative fluor-
escence intensities. The results (Fig. 3) demonstrated that the relative
fluorescence intensities of these compounds are less than 100%, from
24.0% to 62.3%. Understandably, the lower relative fluorescence in-
tensity is corresponding to the higher inhibitory activity against α-Syn
aggregation. In order to describe the inhibition activity more con-
veniently, the relative fluorescence intensity was transformed to α-Syn
aggregation inhibition ratio by the formula: α-Syn aggregation inhibi-
tion ratio= 100% (blank group)-x% (compound group). The ratio
value intuitively reflected the inhibitory activity of compound
(Table 1).

From Table 1, the series 1 conmpouds have shown the inhibitory
ratio towards α-Syn aggregation from 37.7% to 76.0%. Compounds 3a,
3b, 3d, 3j and 3o displayed more than 70% inhibition ratio. Series 1
compounds are comprised of benzoxazole or benzimidazole and pyr-
idine moieties, which were conjugated by trans diene. Firstly, 3a and 3j
displayed similar inhibition ratio (76.0% vs 75.5%), suggesting pyridin-
2-yl and pyridin-4-yl had similar effect. For the benzoxazole block,

substituent at position 5, such as methyl and bromo groups slightly
reduce inhibitory activities. This trend was identified by comparing the
inhibition ratio of 3a, 3b and 3c (76.0%, 70.0% and 63.7%), as well as
3j, 3k and 3l (75.5%, 58.7% and 56.5%). Similarly, the substituent
groups at position 6, such as fluoro and chloro also reduced the in-
hibitory activities from the downtrend in 3a, 3d and 3e (76.0%, 71.7%
and 69.7%), as well as in 3j, 3n and 3m (75.5%, 39.7% and 37%).
Secondly, for the benzimidazole block, the inhibitory activities are
slightly reduced than benzoxazole block by comparing the inhibition
ratio of 3a and 3g (76.0% and 62.7%), as well as of 3j and 3p (75.5%
and 59.0%). And more, substituent at position 1 on the benzimidazole
block, such as methyl and tosyl, have little influence on their inhibitory
activities by comparing the inhibition ratio of 3g, 3h and 3i (62.7%,
56.5% and 62.7%). Interestingly, the compoud 3o, 5-nitro-1H-benzi-
midazole conjugated 2-pyridine has displayed an increased inhibitory
activity (73.7%).

Series 2 compounds are comprised of two building blocks of pyr-
idine and substituted benzene linked with full trans dienone and some
analogues showed medium to high inhibition activities (58.5% to
75.5%). Compound 5b has displayed higher activity (75.5%) and 5f,
5e, 5g and 5j shown the moderate activities as 60.0%, 65.0%, 65.0%
and 69.0% respectively. The SAR study revealed that benzamide block
is favorable to increase inhibition ratio, especially p-chlorobenzamide
(5b).

Series 3 compounds are consisted of two building blocks conjugated
by trans 1,4-divinylbenzene. One block is pyridine and the other block
is substituted benzene or benzoic acid derivative. Compound 8 has two
same blocks of pyridine. These compounds also displayed inhibitory
activities from 42.5% to 76.0%. Compound 8j possessing the allyl
benzoate block gave the highest ratio of 76%. On the other hand, 8k,
8e, and 8n, which possess benzoic acid, methyl benzoate and benza-
mide, showed lower ratio of 54.0%, 48.2% and 56.2%. In addition, 8d
(substituted benzene block) and 8 also showed moderate to low activ-
ities from 53.0% to 42.5%.

Next, some representative analogues with higher inhibitory activ-
ities were chosen to perform IC50 study (Table 2). The results indicated
that the linkers did not demonstrate distinct differences for the in-
hibitory activities. This is in agreement with our hypothesis, that the
function groups on both sides play key roles for high activity. In ad-
dition, the calculated LogP values of 3a, 3b, 3e and 3o suggest their

Fig. 2. A) Compound concentration optimization. 3a, 3c and 3d were respectively incubated with 40 μM α-Syn solution in 0.1M PBS (pH=7.4) for 72 h at three
concentration gradients, 1 μM, 30 μM and 100 μM. Their relative fluorescence intensities were obtained after adding 20 μM ThT to the system. B) Fibrillation kinetics
of 40 μM α-Syn in the absence or presence of 3a, 3b and 3d at 30 μM monitored by relative fluorescence intensity in vitro. Each value is mean of three replicates. The
images on the right were TEM morphologies of α-Syn aggregation (500 nm). 40 μM α-Syn was incubated alone for 72 h (upper right), 40 μM α-Syn was incubated in
the presence of 30 μM 3b for 72 h (lower right).
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Fig. 3. The relative fluorescence intensities of compounds 3a-8n. Each compound (30 μM) was incubated with 40 μM α-Syn solution in 0.1M PBS (pH=7.4) for
3 days and then 20 μM ThT was added. Each value is mean of three replicates. (∗) p less than 0.05.

Table 1
The structure activity relationship study of series 1–3 compounds on α-Syn aggregation.

Cmpd. Structure Log Pa Ratiob (%) Cmpd. Structure Log P Ratio (%)

Series 1 compounds

3a X=O, Y=N, Z=C, R1=H, R2=H 2.90 76.0 3j X=O, Y=C, Z=N, R1=H, R2=H 3.33 75.5
3b X=O, Y=N, Z=C, R1=H, R2=CH3 3.39 70.0 3k X=O, Y=C, Z=N, R1=H, R2=CH3 3.81 58.7
3c X=O, Y=N, Z=C, R1=H, R2=Br 3.73 63.7 3l X=O, Y=C, Z=N, R1=H, R2=Br 4.16 56.5
3d X=O, Y=N, Z=C, R1= F, R2=H 3.06 71.7 3m X=O, Y=C, Z=N, R1= F, R2=H 3.48 37.7
3e X=O, Y=N, Z=C, R1=Cl, R2=H 3.46 69.7 3n X=O, Y=C, Z=N, R1=Cl, R2=H 3.88 39.7
3f X=NH, Y=N, Z=C, R1=H, R2=NO2 3.67 49.5 3o X=NH, Y=C, Z=N, R1=H, R2=NO2 3.90 73.7
3g X=NH, Y=N, Z=C, R1=H, R2=H 2.83 62.7 3p X=NH, Y=C, Z=N, R1=H, R2=H 3.25 59.0
3h X=NCH3, Y=N, Z=C, R1=H, R2=H 3.07 56.5 3q X=NCH3, Y=C, Z=N, R1=H, R2=H 3.49 67.7
3i X=NTs, Y=N, Z=C, R1=H, R2=H 4.76 62.7

Series 2 compounds

5a R3=H, R4=H, R5=H 4.63 58.5 5i R6= benzyl 3.64 n.d.
5b R3=Cl, R4=H, R5=H 5.18 75.7 5j R6= 3,4-dimethoxyphenethyl 3.66 69.0
5c R3=Br, R4=H, R5=H 5.45 58.7 5k R7=Br 3.59 n.d.
5d R3=CH3, R4=H, R5=H 4.06 n.dc. 5l R7=CH3 3.25 n.d.
5e R3=H, R4=H, R5=OCH3 4.50 65.0 5m R7=OCH3 2.64 n.d.
5f R3=Cl, R4=Cl, R5=H 5.74 60.0 5n R7=C(CH3)3 4.47 n.d.
5g R3=H, R4=H, R5= F 5.11 65.0 5o R7=COOCH3 2.58 n.d.
5h R6= 2-pridinyl 2.95 n.d.

Series 3 compounds

8 – 3.74 42.5 8h R10=CH2CH2CH2CH3 6.14 n.d.
8a R9=H 5.08 n.d. 8i R10= cyclohexyl 6.45 n.d.
8b R9= F 5.24 n.d. 8j R10=CH2CH=CH2 5.59 76.0
8c R9=CH3 5.57 n.d. 8k R10=H 4.64 54.0
8d R9=OCH3 4.95 53.0 8l R11=CH3 6.37 n.d.
8e R10=CH3 4.90 48.2 8m R11=Cl 6.44 n.d.
8f R10=CH2CH3 5.24 n.d. 8n R11=OCH2CH3 6.10 56.2
8g R10=CH(CH3)2 5.55 n.d.

a Calculated by ChemBioDraw 12.0; b the α-Syn aggregation inhibition ratio of compound at 30 μM; c not determined
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lipophilicities are within the desired range (from 1 to 5), so that they
are acceptable with a high possibility of crossing the blood-brain-bar-
rier.

2.3. Computational chemistry studies

Further modeling studies were carried out by AutoDock 4.2.
According to the report of Rodriguez and coworkers,18 the nanocrystal
stacking structure of NACore in α-Syn, a polypeptide of GAVVTGVT-
AVA (4RIL), was measured by Micro ED. It was found that it is very
similar to the core skeleton of α-Syn fibril, which is the molecular basis
for the aggregation and fibrosis of α-Syn. In spite of the binding form of
inhibitor with NACore is unclear, we performed the modeling studies to
find its possible and stable binding form. To understand the interaction
between the potential inhibitor molecule and β-sheet in α-Syn, the
calculation was performed as following. The 3D structure of 4RIL was
obtained from PDB databases. Taken 4RIL polypeptide as rigid and
molecule as flexible, combined Lamarck genetic algorithm with semi-
empirical free energy evaluation method, the optimum binding mode of
molecule to 4RIL polypeptide was obtained by semi-flexible docking via
changing the orientation of molecule and 4RIL and the direction of
flexible bond between them. The binding energy and inhibition con-
stant were listed in Table 2. Generally, for a ligand molecule docking
with a receptor, the higher absolute value of bonding energy, the higher
inhibitory activity of the ligand, which is agreement to the lower IC50
value. On the other hand, the larger inhibition constant Ki result to
more unstable binding or weaker inhibitory activity. Table 2 shown
that compound 3o had the largest absolute value of bonding energy
(−4.04 kcal/mol) and smaller Ki value (1.09mM), corresponding to the
smallest IC50 value (1.09 μM).

In detail, the docking results showed that molecule 3o and poly-
peptide chain 4RIL was parallel in spatial orientation, and the hydrogen
bond was formed between carbonyl O of V74 and NeH of imidazole in
3o, at the same time, the hydrophobic Pi-alkyl interaction was formed
between methyl group of A76 and benzene rings, and two Pi-sigma

were formed including between methyl group of T72 and the pyridine
ring, as well as between methyl group of T74 and imidazole ring, which
enhanced the binding ability and improved the stability for 3o and 4RIL
(Fig. 4).

Base on the results above, we try to propose a hypothetical me-
chanism of sheet-like conjugated molecule inhibiting α-Syn oligomer-
ization and fibrillation. According to previous report,13 the α-Syn ag-
gregation process was going through three phases. The rate-limiting
step was at lag phase, the formation of small nuclei (oligomer). Rather,
inhibiting or slowing down the nuclei formation should be the critical
approach. The proposed mechanism was displayed in Fig. 5. In the NAC
domain of full-length α-Syn, the NACore was the fibril-forming core, on
which the sheet-like conjugated molecule such as 3o, tended to bind
parallelly. This binding was considered to be reversible and it will in-
terfere the formation of nuclei, slowing down the oligomerization
process, further inhibiting fibrillation of α-Syn protein.

3. Conclusions

We have designed and synthesized 47 compounds possessed of
sheet-like conjugated structural moiety. The two blocks located at both
ends of linker, contained various substituted aryl ring and aromatic
heterocyclic ring, which provided robust π-electron delocalized effect
and strong hydrogen bonding properties. These analogues have shown
anti-aggregation activities in vitro towards α-Syn with IC50 down to
1.09 μM. We have proposed an anti-aggregation mechanism. The mo-
lecules inhibit or slow down the formation of α-Syn oligomer nuclei by

Table 2
IC50 and calculated binding energy and inhibition constant (Ki) to polypeptide 4RIL of the representative analogues.

Cmpd. Structure IC50 (μM) Binding energya (kcal/mol) Kib (mM)

3a 1.85 ± 0.12 −3.33 3.6

3b 4.43 ± 0.22 −3.46 2.92

3e 2.19 ± 0.03 −3.49 2.75

3o 1.09 ± 0.14 −4.04 1.09

5b 2.05 ± 0.29 −4.02 1.13

8j 3.13 ± 0.12 −3.96 1.25

a bonding energy between compound and polypeptide 4RIL calculated by AutoDock 4.2; b inhibition constant calculated by AutoDock 4.2.

Fig. 4. Spatial relative positions and optimal interaction of 3o and 4RIL poly-
peptide chain.
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reversible binding to the NACore within NAC domain of full-length α-
Syn. This study will be beneficial to PD therapies targeting the toxic α-
Syn oligomers in the near future.
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