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Abstract
α-Synuclein is a small presynaptic protein (14,460 D) that is abundantly distributed in the brain.
Although, its function is unknown, the aggregated form of α-synuclein is a pathological hallmark of
several neurodegenerative diseases, including Parkinson’s disease (PD). Epidemiological studies
have shown that smoking can lessen the incidence of Parkinson’s disease, indicating that smoke may
contain chemicals that are neuro-protective. The fibrillation of α-synuclein was studied in relation
to five different compounds found in cigarette smoke: anabasine, cotinine, hydroquinone, nicotine
and nornicotine. Thioflavin T assays, gel electrophoresis, size exclusion chromatography-high
performance liquid chromatography (SEC-HPLC) and atomic force microscopy (AFM) were utilized
to monitor the rate of α-synuclein fibrillation and the inhibitory effects of the cigarette smoke
components. We show that nicotine and hydroquinone inhibit α-synuclein fibril formation in a
concentration-dependent manner, with nicotine being more effective. The SEC-HPLC data show that
nicotine and hydroquinone stabilize soluble oligomers. The morphology of the oligomers stabilized
by nicotine was evaluated by AFM, which showed the presence of three stable oligomers with an
average height of 16 nm, 10 nm and 4 nm. Comparable results were obtained for the effect of the
cigarette smoke components on the A53T mutant fibrillation. These results show that nicotine and
hydroquinone inhibit α-synuclein fibrillation and stabilize soluble oligomeric forms. This
information can be used to understand the molecular mechanism of the nicotine and hydroquinone
action to develop therapeutic solutions for PD.
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1. Introduction
Parkinson’s disease (PD) is the most common ageing-related movement disorder and second
most common neurodegenerative disorder after Alzheimer’s disease. PD is a slowly
progressive neurodegenerative disease caused by the loss of nerve cells in a part of the mid-
brain known as the substantia nigra. The cells in the substantia nigra are responsible for the
dopamine production, a chemical messenger involved in the movement coordination. PD is
developed when these cells are damaged or destroyed causing different signs of PD: resting
tremors, slowness of movement, stiffness of the limbs and balance problems [1]. The surviving
nigral dopaminergic neurons contain specific proteinaceous inclusions, Lewy bodies (LB) and
Lewy neurites (LN), which are also found in several neurodegenerative diseases [2,3]. It is
estimated that ~1.5 million Americans are affected by PD. Since only a small percentage of
patients are diagnosed before age 50, PD is generally considered as an aging-related disease,
and approximately one of every 100 persons over the age of 65 in the US suffers from this
disorder [1].

The precise molecular mechanism that leads to the death of the cells in the substantia nigra is
still unknown. However, substantial evidence has suggested that the fibrillation of α-synuclein
is a critical step in the pathogenesis of PD (reviewed in [4–9]). α-Synuclein is a major fibrillar
component of Lewy bodies and Lewy neuritis [10]. It is a typical natively unfolded protein,
which possess little ordered structure at physiological conditions [6,7,9,11,12]. α–Synuclein
contains 140 amino acid residues and lacks both cysteine and tryptophan residues [13]. The
sequence of α-synuclein is divided into three regions (Scheme 1):

1. The N-terminal region, which represents residues 1–60, contains 11-amino acid
imperfect repeats with a consensus motif (KTKEGV).

2. The central region, which represents residues 61–95, contains a highly amyloidogenic
NAC region and two additional repeats.

3. The C-terminal region, which represents residues 96–140, is rich in acidic residues
and prolines, which are suggested to adopt a disordered conformation [14].

The competing kinetic pathways for the aggregation of α-synuclein begin with a natively
unfolded α-synuclein monomer, which partially folds into an aggregation-prone intermediate
[12]. Depending on the conditions, this intermediate can form three different products: soluble
oligomers, insoluble amorphous aggregates or insoluble fibrils [6,7,9] (Scheme 2). The state
that α-synuclein adopts depends on changes in the environmental conditions such as decrease
in pH, or temperature increase, evolving to the formation of the partially folded intermediate
[6,7,9,12].

The involvement of α-synuclein in PD was suggested by previous studies of families with
autosomal dominant early-onset of familial PD (FPD) in which three separate mutations in the
α-synuclein gene A53T, A30P and E46K were linked to the disease [15–17]. All three FPD
mutations alter the rate of α-synuclein aggregation in vitro, but only the A53T mutation
accelerates fibril formation as compared to the wild type proteins, whereas A30P and E46K
increase rates of amorphous aggregation [18–20].

It is believed that many environmental and genetic factors affect α-synuclein fibrillation.
Factors that accelerate the α-synuclein fibrillation include certain pesticides, metals, lipids,
membranes, polycations, glycosaminoglycans (GAGs), and macromolecular crowding [6,7,
9]. This acceleration is due to the conditions that increase the concentration of the
amyloidogenic intermediate. Oxidative modification was suggested to play an important role
in the PD pathogenesis and one of the major factors triggering α-synuclein aggregation was
shown to be the formation of free radicals (e.g., see [21]).
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On the contrary, inhibition of fibrillation occurs when the monomer or non-fibrillogenic
oligomers are stabilized [6,7,9]. Some compounds in the cigarette smoke might cause such
inhibition, as epidemiological studies revealed that the smoke compounds significantly
decrease the risk of PD [22,23]. In cigarette smoke, out of the more than 3,800 identified
compounds, anabasine, cotinine, hydroquinone, nornicotine, and especially nicotine,
potentially represent such inhibitory compounds. Nicotine is a good candidate for investigation
because of several reasons. First, nicotine stimulates striatal dopamine neurons that are
damaged in PD [23]. Second, epidemiological studies have shown that PD is less prevalent in
smokers which suggests that nicotine exposure prevents against neuronal insults [23].
Furthermore, nicotine administered orally by gum or transdermally by the patch has been
shown to improve symptoms of Parkinson’s disease [24–26]. Intriguingly, it has been reported
that nicotine possesses both pro-oxidant and antioxidant properties [27]. It has been pointed
out that because of the nicotine’s beneficial role in the treatment of certain neurodegenerative
diseases, its involvement in free radical production or its ability to act as an antioxidant requires
careful study to further evaluate its overall therapeutic usefulness [27]. In addition to nicotine,
numerous agents in tobacco products could modulate biological functions and the development
of PD [23].

In this study, the effect of nicotine, and three structurally similar compounds, anabasine,
cotinine and nornicotine (Scheme 3), on α-synuclein fibrillation were investigated. The goal
was to understand how these compounds affect the rate of fibrillation. The results were
compared to those obtained for hydroquinone, a known inhibitor of α-synuclein fibrillation,
which is structurally different from the four smoke compounds (Scheme 3). Thioflavin T (ThT)
assays, gel electrophoresis, SEC-HPLC and atomic force microscope (AFM) were used to
investigate the inhibitory effects. Our results revealed that nicotine and hydroquinone show
strong inhibitory effects on α-synuclein fibrillation by stabilizing oligomers. These findings
may shed light on novel therapeutic solutions for PD based on the structure of the compounds.

2. Materials and Methods
2.1. Materials

The chemical compounds such as nicotine and cotinine were obtained from Sigma,
hydroquinone was purchased from Acros Organics, whereas nornicotine and ThT were from
Fluka.

2.2. Expression and purification of human recombinant α-synuclein
Human wild type α-synuclein was expressed using E. coli BL21 (DE3) cell line transfected
with pRK172/α-synuclein plasmid (generously donated by M. Goedert, MRC Cambridge).
Expression and purification of human recombinant α-synuclein and its mutant from E. coli
were performed as previously described [28]. Culture flasks containing 1 L of LB media were
inoculated with 6 ml of a night pre-culture each and subsequently incubated at 37°C at 250
rpm until the media reached A500= 0.9–1. The culture was then induced with isopropyl-b-D-
thiogalactopyranoside (IPTG) and incubated for another 5 hrs. The cells were collected by
centrifugation at 4000 rpm for 15 minutes at 4°C. The cell pellets were frozen and kept
overnight at −20°C. At the next day, pellets were thawed at room temperature and redissolved
in 40 ml of lysis buffer (50 mM NaCl, 20 mM Tris-HCl, 0.10% Triton- X 100, 0.20 mM
phenylmethyl sulfonyfluoride (PMSF) pH 7.5).

Sonication at 60% power for 3.5 minutes total with seven 30 second sonication bursts and 40
seconds of rest in between each burst was used to lyse the cells. Subsequently, ammonium
sulfate was slowly added to achieve 30% saturation with vigorous stirring on ice. Ten minutes
of gentle stirring completed the precipitation. In order to precipitate the cell debris, the solution
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was centrifuged at 13,000 rpm for 15 minutes at 4°C. The supernatant was separated from the
pellet and the pellet was discarded. The supernatant was brought to 50 % saturation with
ammonium sulfate. The solution was centrifuged at 13,000 rpm for 15 minutes at 4°C. The
supernatant was separated from the pellet and the discarded. The pellet was saved, dissolved
in 50 mL of 10 mM Tris-HCl (pH 7.5) and dialyzed against 4L of 50 mM NaCl, 20 mM Tris-
HCl (pH 7.5) for 2 hours. The dialysis buffer was changed after two hours and then changed
three more times overnight. In order to purify the protein, the sample from the dialysis was
loaded onto a DEAE-Sepharose Fast Flow column previously equilibrated with ~5X-bed
volume of 50 mM NaCl, 20 mM Tris-HCl, pH 7.2. About 80 fractions were collected, and the
presence of α-synuclein was verified by using SDS-PAGE. In order to remove the salt from
the protein, the fractions that contained α-synuclein were dialyzed against deionized water for
at least 36 hours at 4°C. After the dialysis, the precipitate was removed by centrifugation.
Protein purity evaluated by mass-spectrometry, SEC-HPLC and SDS-PAGE was close to 98%.
The protein concentration was then determined by A275. The protein was frozen in liquid
nitrogen and then lyophilized.

2.3. Fibrillation of WT α-synuclein and the ThT Assay
The lyophilized α-synuclein was dissolved in 1 ml of 0.02 M NaPO4 (Pi) buffer, 0.1M NaCl
and 0.01% NaN3, pH 7.5. In order to remove any insoluble material, the sample was centrifuged
in the cold room for 30 minutes at 13.2 RPM. The supernatant was then analyzed by UV
spectrophotometry to estimate protein concentration and by mass-spectrometry, SEC-HPLC
and SDS-PAGE to evaluate the presence of aggregated material. At the beginning of the
fibrillation studies, protein samples were predominantly monomeric and did not contain
noticeable amounts of any oligomeric forms. Assay solutions contained α-synucelin at a
concentration of 1.0 mg/ml, 20 μM ThT with various concentrations of smoke compounds as
indicated. A volume of 150 μl of the mixture was pipetted into a well of a 96-well plate (white
plastic, clear bottom), and a 1/8th in. diameter. Teflon sphere (McMaster-Carr, Los Angeles)
was added. Each sample was run in triplicate or quadruplicate. The plates were sealed with
Mylar plate sealers (Dynex). The plate was loaded into a fluorescence plate reader (Fluoroskan
Ascent) and incubated at 37°C with shaking at 600 rpm with a shaking diameter of 2 mm. The
fluorescence was measured at 30 min intervals with excitation at 450 nm and emission at 485
nm, with a sampling time of 100 ms.

The data were fit to a sigmoidal curve described by the empirical equation [29] using SigmaPlot
software:

(1)

where F is the fluorescence intensity and t50 is the time to 50% of maximal fluorescence. The
initial baseline during the lag time is described by Fi + mit. The final baseline after the growth
phase has ended is described by Ff + mft. The apparent rate constant, kapp, for the growth of
fibrils is given by 1/τ, the lag time is calculated as t50 − 2τ and the amplitude, amp, is given by
Ff − Fi. Although eq.1 gave very good fits for the ThT kinetic profiles, the expression is strictly
a simple empirical means of providing kinetic parameters for comparing rates of fibrillation
from different samples and does not directly reflect the underlying complex kinetic scheme.

2.4. SDS-PAGE
Aliquots of the supernatant were airfuged for 30 minutes at 20 Psi (75,000 rpm) at the end of
the fibrillation. 3 μL of the supernatant and 1 μL of staining gel were added into an Eppendorf
tube, boiled for five minutes and spun down at 14,000 rpm for 1 minute. The amount of soluble
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protein present in the supernatant was monitored using the Coomassie-blue staining of the
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels.

2.5. SEC-HPLC
Oligomers and monomers were separated using SEC-HPLC. After incubation, an aliquot of
sample was removed. The samples were loaded onto a BioSep-SEC 2000 column in 50mM
phosphate/100 mM NaCl (pH 7.0) buffer. The samples were eluted at a flow rate of 0.7 ml/
min using a Waters 2695 separations module and the presence of protein in the sample was
evaluated by UV absorption.

2.6. AFM Measurements
Aliquots of 5 μl of sample and 5 μl of 1 M NaCl were placed on a mica plate. The mica plate
was left to incubate for 24 hours and then was rinsed with water to remove salt and any proteins
not bound to the mica. The mica plate was then dried with N2. The Atomic Force Microscopic
(AFM) images were obtained using a PicoScan Plus microscopy, which was equipped with
the MAC mode. For the MAC mode imaging, probes with a 2.8 newton/m spring constant and
a 75-kHz resonance frequency were used. A scan rate of 0.5–1 line/s with 512 data points per
line, at a driver current of 10 ± 5 Å were used. The height range of 1.0 to 100 was estimated
by section analysis. At least four regions of the mica surface were examined to verify that
similar structures existed through out the sample.

3. Results
3.1. Nicotine and hydroquinone inhibit the fibrillation of α-synuclein

The kinetics of α-synuclein fibril formation was monitored by the characteristic increase in the
ThT fluorescence intensity. ThT is a fluorescent dye that interacts preferentially with the cross-
β-enriched amyloid-like fibrils and is commonly used to detect the amyloid fibrils and to follow
the fibrillation process. ThT binds to β-sheet and non-β-sheet cavities with the diameters of 8–
9 Å [30]. ThT fluorescence is an efficient method to monitor fibrillation kinetics because the
fibrils of α-synuclein contain cross-β filaments that specifically interact with ThT. As more
fibrils are formed, there is an increase in ThT fluorescence intensity. The kinetics of α-synuclein
fibrillation is represented by a sigmoidal curve, which begins with a lag phase, followed by a
growth phase, and ends with an equilibrium phase.

Figure 1 demonstrates the time-dependent changes in the ThT fluorescence intensity during
the α-synuclein fibrillation in the absence or presence of five smoke compounds at the same
concentration of 200 μM. This graph shows that anabasine, nornicotine and cotinine do not
affect the kinetics of fibril formation as compared to the control. It also illustrates hydroquinone
and nicotine has a noticeable inhibitory effect on the fibrillation. Nicotine shows a much
stronger inhibition, which is reflected in longer lag-time and in the smaller ThT signal.

Figure 2 shows the time-dependent changes in the ThT fluorescence intensity during the α-
synuclein fibril formation as a function of different concentrations (100 μM, 200 μM and 400
μM) of cotinine (Figure 2A), anabasine (Figure 2B), nornicotine (Figure 2C), hydroquinone
(Figure 2D) and nicotine (Figure 2E) as compared to the control. Figures 2A, 2B and 2C show
that even at concentration of 400 μM cotinine, anabasine and nornicotine did not affect the α-
synuclein fibrillation. On the other hand, Figures 2D and 2E demonstrate that as the
hydroquinone and nicotine concentration increases, the ThT fluorescence signal decreases,
suggesting the effective inhibition of the α-synuclein fibrillation. Compared to hydroquinone,
nicotine is a slightly better inhibitor as reflected in lower ThT signal and slower fibrillation
kinetics.
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3.2. Hydroquinone- and nicotine-induced stabilization of the oligomeric form of α-synuclein:
SDS-PAGE analysis

To confirm the inhibitory effect of hydroquinone and nicotine on the α-synuclein fibrillation,
the samples at the end of the incubation period were checked by SDS-PAGE. Incubated samples
were subjected to the centrifugation to pellet the mature fibrils and the resulting supernatants
were used for the SDS-PAGE analysis (Figure 3). This analysis was carried out for all the
hydroquinone concentrations. Figure 3 clearly shows that soluble protein is present in the
supernatant of α-synuclein incubated in the presence of all the hydroquinone concentrations.
In these cases, in addition to the band corresponding to the monomeric α-synuclein, an
oligomeric form of the protein was also detected (see lines 3–5 in Figure 3). This indicates that
non-fibrillar α-synuclein is present in the supernatant, suggesting that the fibrillation of α-
synuclein is effectively inhibited by hydroquinone. Similar results were also obtained for
nicotine (data not shown).

3.3. Hydroquinone- and nicotine-induced stabilization of the oligomeric form of α-synuclein:
SEC-HPLC analysis

In order to gain further information on the oligomeric state of α-synuclein incubated in the
presence of hydroquinone and nicotine, SEC-HPLC analysis was performed for samples
incubated with different concentrations of these compounds. Figure 4A shows that compared
to the control, most of the α-synuclein in the presence of nicotine or hydroquinone is in a form
of higher molecular weight oligomers. Figure 4B compares the elution profiles of the
monomeric α-synuclein with the protein samples incubated in the presence of 400 μM nicotine
or hydroquinone. Figure 4B clearly shows that several different oligomer types were formed
in the presence of nicotine and hydroquinone. Interestingly, although these smoke compounds
seem to stabilize similar oligomers, the relative populations of these oligomers were different
for samples containing nicotine and hydroquinone. In addition to oligomers, hydroquinone
samples contained noticeable amount of the monomeric α-synuclein as evidenced by the
presence of the measurable shoulder in the corresponding elution profile.

3.4. Nicotine-induced stabilization of the oligomeric form of α-synuclein: AFM analysis
Since the nicotine sample contained a higher amount of oligomers than the hydroquinone
sample (this conclusion follows from the fact that SEC-HPLC profile for 400 μM hydroquinone
preserves small shoulder at the monomer peak position (see Figure 4B), indicating that some
monomers are still present), each of the three peaks of the α-synuclein sample containing the
400 μM nicotine (Figure 4B) were subjected to the AFM imaging in order to evaluate the size
and the shape of these oligomers. Figure 5 represents the results of this analysis both as AFM
images and the corresponding height histogram. Figures 5A, 5B, and 5C correspond to the
samples from the first, second and third SEC-HPLC peaks respectively. As expected, the
average height of the oligomers in the first peak (~16 nm) was greater than the height of the
oligomers in the second peak (~ 10 nm), and higher than the height of the oligomers in the
third peak (~ 4 nm).

3.5. Nicotine and hydroquinone inhibit the α-synuclein A53T mutant fibrillation
The early onset of familial PD is associated with the different missense mutations in the α-
synuclein gene, corresponding to A53T, A30P and E46K mutations in the α-synuclein protein.
Therefore, at the next stage, we evaluated the effect of hydroquinone, nicotine and nornicotine
on fibrillation of the A53T mutant. Figure 6 represents the time-dependence changes in the
ThT fluorescence intensity during the A53T fibril formation in the presence of different
compounds at a concentration of 100 μM. In agreement with earlier data, Figure 6 shows that
the A53T mutant fibrillates faster than the wild type protein. A53T fibrillation was no affected
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by nornicotine, whereas hydroquinone and nicotine possessed an inhibitory effect. Similar to
the wild type protein, nicotine was a better inhibitor of the A53T fibrillation.

Figure 7A compares the effects of various nornicotine concentrations on the A53T fibrillation
and shows that this compound did not effect the fibrillation even at 400 μM concentration. On
the other hand, Figures 7B and 7C show that hydroquinone inhibited the A53T fibrillation on
a concentration-depended manner, whereas the fibrillation process was completely inhibited
in the presence of the smallest nicotine concentration (100 μM).

3.6. Stabilization of the oligomeric form of the A53T α-synuclein with hydroquinone and
nicotine

SDS-PAGE carried out for A53T samples incubated in the presence of the different
concentrations of hydroquinone revealed that the A53T mutant protein was in the supernatant
(Figure 8). Addition of nicotine produced similar inhibitory effect (data not shown). The
distribution of the soluble oligomers in A53T samples incubated in the presence of 400 μM of
hydroquinone or nicotine was analyzed by the SEC-HPLC (Figure 9). As with the wild type
proteins, in addition to the monomer, different size oligomers were detected. Taken together
these data suggest that similar to the wild type protein, the fibrillation of the A53T α-synuclein
is effectively inhibited by the hydroquinone and nicotine in a concentration dependent manner.
In all cases, this inhibition occurs due to the preferential stabilization of the soluble oligomers.

4. Discussion
PD is a neurodegenerative disease occurring in about 1% of the population over the age of 65.
It is characterized by the damage of the dopaminergic nigrostriatal neurons that leads to the
motor impairment. The most commonly used treatment for PD is dopamine replacement
therapy. Although, somewhat effective, the L-dopa only provides symptomatic relief with an
unavoidable disease progression. It also loses efficacy with time and can cause drug-induced
side effects [31]. The currently available therapies aim at the improvement of the functional
capacity of the patient as long as possible but do not affect the progression of the
neurodegenerative processes [32]. All this clearly emphasizes the need for newer and more
effective therapeutic solutions. This problem is receiving more attention and is being subject
to extensive research.

Many epidemiological studies have found that smoking is associated with a lower incidence
of PD [22,23]. The risk of PD in nonsmokers is about twice that of smokers. This means that
cigarette smokers are about 50% less likely to have PD and that the patients with PD are about
50% less likely to have smoked cigarettes during their lifetime. These findings are important
because, being understood at the molecular level they may provide some clues about novel
therapeutic strategies for protection against PD.

The successful inhibition of α-synuclein fibrillation is believed to be important for the
prevention or control of PD. In this study, we showed that two compounds of the cigarette
smoke, nicotine and hydroquinone, led to the efficient inhibition of the α-synuclein fibril
formation in a concentration-dependent manner (Figure 2). The SEC-HPLC analysis revealed
that instead of the insoluble amyloid-like fibrils, three stable oligomeric forms were formed
(Figure 4). The AFM imaging of these oligomers showed that they are mostly spherical species
with heights of ~16 nm, ~10 nm, and ~4 nm (Figure 5). We also established that nicotine and
hydroquinone were successful inhibitors of the A53T fibrillation (Figures 6–9). Finally, our
data showed that nicotine was a more effective inhibitor than hydroquinone.

Our findings are in a perfect agreement with the results of earlier studies on the nicotine effect
on the α-synuclein fibrillation. In fact, using thioflavin S (ThS) it has been shown that the
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fibrillation of both wild type and A53T α-synucleins (both at the concentration of 140 μM)
was effectively inhibited by nicotine in a concentration dependent manner.16 AFM and EM
analyses confirmed that nicotine inhibited α-synuclein fibril formation, as samples of α-
synuclein (140 μM) incubated with 100 μM nicotine contained smaller amount of fibrils and
these fibrils were shorter and thinner in comparison with those formed in the absence of nicotine
[33]. We have established that nicotine is able to inhibit α-synuclein fibrillation almost
completely. Our experimental settings were quite different from those in the work of Ono et
al. [33], as we used smaller α-synuclein concentrations (70 μM) and higher nicotine
concentrations (up to 400 μM).

Thus, α-synuclein fibrillation can be effectively inhibited by the cigarette smoke compounds
such as nicotine and hydroquinone in a concentration-dependent manner. This inhibition
involves the stabilization of soluble oligomeric forms. How can the stabilization of such soluble
oligomers be related to the pathology of neurodegenerative diseases? In this respect it is
important to remember that for a long time it was believed that the amyloid fibrils are harmful.
However, a novel emerging paradigm favors the idea that the deposited proteinaceous
inclusions (such as senile plaques in Alzheimer’s disease or Lewy bodies or Lewy neurites in
Parkinson’s disease, etc.) are not cytotoxic. Instead, the formation of some small oligomers,
known as various protofibrils, is responsible for the neurotoxicity [34–37]. This hypothesis is
supported by the fact that the amount of fibrillar deposits found at autopsy does not typically
correlate with the clinical severity of Alzheimer’s or Parkinson’s disease [37]. Furthermore,
the dopamine-dependent neurotoxicity of α-synuclein in PD was shown to be mediated by
54-83-kD soluble protein complexes that contain α-synuclein and 14-3-3 protein, which are
elevated selectively in the Substantia nigra in PD [21]. Furthermore, in animal models of PD
and AD, the disease-like phenotypes were shown to develop before the appearance of the
fibrillar deposits [38,39]. Non-fibrillar oligomers, known as protofibrils, of various
amyloidogenic proteins (both disease-realted and non-disease-associated) are toxic in cell
cultures and are able to disrupt membrane inegrity in vitro [36,37,40–43]. Special attention has
been paid to the so-called amyloid pores; i.e., morphologically similar annular protofibrils, that
resemble a class of pore-forming bacterial toxin, as these oligomers might cause the
inappropriate membrane permealization leading to cell disfunction and cell death [36,37,43–
45].

Although the hypothesis that the small oligomers are cytotoxic and that the larger insoluble
aggregates found in Lewy bodies and other proteinaceous may be protective is very important,
it is necessary to remember that protein aggregates (including oligomers) are highly
heterogenious. This heterogeneity might be caused either by the heterogeneous starting
materials or by multiple pathways of assembly, or by both these factors. Therefore, it is difficult
to believe that all the soluble oligomers, with their astonishing morphological variability, will
be cytotoxic to the same degree. In fact, we have recently shown that the flavonoid baicalein
was able to inhibit the α-synuclein fibrillation via the stabilization of soluble oligomers that
possessed very specific structural features [46], being spherical in shape (according to the AFM
and EM data), having relatively globular structure with packing density intermediate between
that of pre-molten globules and typical globular proteins (according to the Kratky plot analysis
of the SAXS data), and having relatively well-developed secondary structure (according to the
FTIR and far-UV CD analysis). Furthermore, these oligomers were characterized by high
thermodynamic stability and were able to inhibit fibrillation of baicalein-untreated α-synuclein.
The most important finding was the fact that these highly stable and fibrillation-inhibiting
oligomers did not disrupt the integrity of the biological membrane. Based on these observations
it has been concluded that the soluble oligomer formation does not always create harm and can
be beneficial [46]. We believe that similar oligomers might be stabilized by other chemical
compounds (e.g., by the compounds of the cigarette smoke analyzed on this study), which
might act similarly to baicalein; i.e., via the specific stabilization of the thermodynamically
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stable, non-fibrillating soluble oligomers that can inhibit α-synuclein fibrillation and do not
cause the inappropriate membrane permealization.

Obviously, further studies are needed for the deeper understanding of the molecular
mechanisms of the inhibition of α-synuclein fibrillation by nicotine and other cigarette smoke
compounds. These studies might also be important for the development of novel anti-PD
therapeutic strategies. An important question is whether the inhibition observed by us in
vitro takes also place inside the living cells. If this inhibition does occur in the cell, then does
it follow a receptor-related mechanism or a non-receptor-mediated mechanism? Another
question is whether other chemicals in smoke can possess the neuroprotective effect. These
and other issues need to be resolved in order to understand the molecular basis for the
neuroprotection caused by smoking.

5. Conclusions
We show that compounds of the cigarette smoke such as nicotine and hydroquinone are able
to inhibit the formation of α-synuclein fibrils in a concentration-dependent manner, with
nicotine being more effective inhibitor. SEC-HPLC, SDS-PAGE, and AFM analyses revealed
that nicotine and hydroquinone stabilized soluble oligomers. Similar data were obtained for
the A53T mutant. These findings are first steps in better understanding the molecular
mechanism of the nicotine- and hydroquinone-mediated inhibition of α-synuclein fibrillation,
which potentially might help developing novel therapeutic solutions for PD.
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Figure 1.
Effect of different cigarette smoke compounds on the fibrillation kinetics of α-synuclein: α-
Synuclein (1 mg/ml) alone (black circles); α-synuclein in the presence of 200 μM cotinine (red
triangles); 200 μM anabasine (green squares); 200 μM hydroquinone (yellow diamonds); 200
μM nicotine (blue triangles); and 200 μM nornicotine (pink pentagons).
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Figure 2.
Effect of different concentrations of various smoke compounds on the fibrillation kinetics of
1 mg/ml α-synuclein. (A) cotinine, (B) anabasine, (C) nornicotine, (D) hydroquinone, (E)
nicotine. Black circles, 0 μM; red triangles, 100 μM; green squares, 200 μM; yellow diamonds,
400 μM.
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Figure 3.
Determination of the concentration of α-synuclein in the supernatant using SDS-PAGE. (1)
α-synuclein, 1mg/ml; (2) control experiments where α-synuclein was fibrillated alone, (3) α-
synuclein after fibrillation in the presence of 100 μM hydroquinone; (4) α-synuclein after
fibrillation in the presence of 200 μM hydroquinone; (5) α-synuclein after fibrillation in the
presence of 400 μM hydroquinone.
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Figure 4.
SEC-HPLC demonstration that nicotine and hydroquinone stabilize α-synuclein oligomers.
(A) α-Synuclein (1 mg/ml) alone or incubated in the presence of 100 μM, 200 μM, 400 μM
nicotine, and 100 μM, 200 μM, and 400 μM hydroquinone. (B) α-Synuclein (1 mg/ml, 1) alone
or incubated in the presence of 400 μM nicotine (2) or 400 μM hydroquinone (3).
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Figure 5.
AFM images and height distributions of an α-synuclein sample containing 400 μM nicotine.
Samples were collected from the first (A), second (B) or third peak (C) eluting from the SEC-
HPLC column (Figure 4B).
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Figure 6.
Effect of different smoke compounds on the fibrillation kinetics of the A53T mutant. Mutant
α-synuclein incubated at 1mg/ml alone (black circles) or in the presence of 100 μM nicotine
(red triangles); 100 μM hydroquinone (green squares); or 100 μM nornicotine (yellow
diamonds).
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Figure 7.
Effect of different concentrations of various cigarette smoke compounds on the fibrillation
kinetics of the 1 mg/mL A53T mutant. (A) nornicotine, (B) hydroquinone, (C) nicotine. Black
circles, 0 μM; red triangles, 100 μM; green squares, 200 μM; yellow diamonds, 400 μM.
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Figure 8.
Determination of the concentration of the soluble A53T mutant in the supernatant after
fibrillation using SDS-PAGE. (1) mutant, 1 mg/ml, (2) mutant after incubation alone, (3) A53T
after incubation in the presence of 100 μM hydroquinone, (4) A53T after incubation in the
presence of 200 μM hydroquinone, and (5) A53T after incubation in the presence of 400 μM
hydroquinone.
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Figure 9.
SEC-HPLC demonstration that nicotine and hydroquinone, being coincubated with the A53T
mutant, stabilize oligomers. Mutant A53T; A53T incubated with 400 μM nicotine, or with 400
μM hydroquinone.
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Scheme 1.
α-Synuclein sequence. The three sites of early-onset PD-linked mutations (positions 30, 46
and 53) are highlighted.
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Scheme 2.
Multiple pathways for α-synuclein aggregation. Nu represents the natively unfolded α-
synuclein monomer.

Hong et al. Page 22

Biochim Biophys Acta. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 3.
Chemical structures of nicotine, cotinine, anabasine, nornicotine, and hydroquinone.
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