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ABSTRACT: The misfolding of α-synuclein is a critical event
in the death of dopaminergic neurons and the progression of
Parkinson’s disease. Drugs that bind to α-synuclein and form a
loop structure between the N- and C-terminus tend to be
neuroprotective, whereas others that cause a more compact
structure tend to be neurotoxic. The binding of several natural
products and other drugs that are involved in dopamine
metabolism were investigated by nanopore analysis and
isothermal titration calorimetry. The antinausea drugs,
cinnarizine and metoclopramide, do not bind to α-synuclein,
whereas amphetamine and the herbicides, paraquat and
rotenone, bind tightly and cause α-synuclein to adopt a more compact conformation. The recreational drug, cocaine, binds
to α-synuclein, whereas heroin and methadone do not. Metformin, which is prescribed for diabetes and is neuroprotective, binds
well without causing α-synuclein to adopt a more compact conformation. Methylphenidate (ritalin) binds to sites in both the N-
and C-terminus and causes α-synuclein to adopt a loop conformation. In contrast, amphetamine only binds to the N-terminus.
Except for cinnarizine and metoclopramide, there is a good correlation between the mode of binding to α-synuclein and whether
a drug is neuroprotective or neurotoxic.
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A unifying concept for neurodegenerative diseases states
that the pathogenesis is caused by the misfolding of

proteins, for example, Aβ peptide in Alzheimer’s disease, α-
synuclein (AS) in Parkinson’s disease, and prion proteins in
transmissible spongiform encephalopothies (TSEs).1−3 The
misfolded proteins form aggregates and fibrils through β-sheet
formation, which are toxic to neurons and are visible upon
postmortem examination as amyloid plaques in Alzheimer’s
disease, Lewy bodies in Parkinson’s disease, and spongiform
morphology in TSEs.4−7 As the name suggests, TSEs are
readily spread through exposure to infected materials, but
Alzheimer and Parkinson’s diseases can also be induced in naiv̈e
animals by cranial injection of extracts from diseased
animals.8−10 In other words, pre-existing fibrils can spread to
surrounding cells and cause further cell death, providing an
explanation for the progressive nature of these diseases.11,12

Another unifying concept is that the diseases have a clear
genetic component and that, although rare, mutations in the
genes themselves encoding the misfolding proteins can lead to
early onset and familial forms of the diseases.13−15 For example,
the D23N mutation in Aβ peptide and A30P mutation in AS
both cause early onset Alzheimer’s or Parkinson’s disease,
respectively, and both mutant forms of the proteins misfold and
aggregate more readily.16,17 Suprisingly, mutations may also be
protective; the recently evolved G127V mutation in the prion
protein appears to protect against Kuru (a human TSE) and the
Icelandic A673T mutation in Aβ peptide may protect against
Alzheimer’s disease.18,19

The environment may also play a role in neurodegenerative
diseases since traumatic brain injury leading to concussion has
been shown to increase the incidence of Alzheimer’s disease
and related dementias with a concomitant decrease in the age
of onset.20 For Parkinson’s disease, a link to previous
concussions is less persuasive, but there is ample evidence
that exposure to certain drugs, whether accidental or deliberate,
can lead to an increase in the incidence of the disease.21,22 For
example, exposure to rotenone and paraquat, which are widely
used as insecticides and pesticides, causes an increase in the
incidence of Parkinson’s disease.23,24 Their mechanism of
action involves inhibition of the electron transport chain, an
increase in the levels of reactive oxygen species (ROS), and
mitophagy.25−28 There is also evidence that the drugs can
increase the rate of fibrillization of AS.29 Prescription drugs
such as cinnarazine (for motion sickness) and metoclopramide
(for indigestion) have also been shown to give rise to a
Parkinson-like syndrome, although the mechanism of action is
not understood.30,31 Perhaps the best example is provided by
the psychotic drug methamphetamine because, in several
epidemiological studies, chronic abuse increases the incidence
of Parkinson’s disease by as much as 3-fold.32,33 We have
recently demonstrated by nanopore analysis that methamphet-
amine binds to AS and causes it to have a more compact
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conformation.34 Therefore, it is tempting to propose that
methamphetamine binding to AS increases the likelihood of
misfolding and, as a direct, consequence increases the incidence
of the disease.
In contrast, several natural products have been identified

whose use may be neuroprotective and lower the incidence of
the disease.35−40 These include caffeine, nicotine, and
curcumin, which have also been shown to bind to AS, but
the binding site and conformational changes are different from
those induced by methamphetamine.41 Whereas methamphet-
amine binds to the N-terminus of AS, drugs such as nicotine
have binding sites in both the N- and C-terminus and may
cause AS to fold back on itself to form a loop.41 Previously, we
have postulated that loop formation prevents aggregation of AS
because the central NAC region can no longer form a linear
structure required for participation in β-sheet formation.41 In
the long term, further analysis of the mode of action of these
compounds may lead to the development of effective drug
therapy for Parkinson’s disease.
In this article, the binding to AS of a number of natural

products and other drugs has been investigated. The structures
are shown in Figure 1. The compounds were chosen on the
basis of their (a) structural similarity to known AS binders, e.g.,
amphetamine; (b) interference in dopamine transport or
metabolism, e.g., methylphenidate or cocaine; and (c) being
implicated in inducing Parkinson’s-like syndrome, e.g.,

cinnarizine. The goals are 3-fold: First, to provide further
confirmation of the correlation between the mode of drug
binding and possible neuroprotective or neurotoxic effects.
Second, the use or abuse of several of these drugs is widespread.
For example, methylphenidate (ritalin, concerta) has been
prescribed to as many as 10% of children in parts of the USA,
and 2% of young adults admit to its use as a “study” drug to
improve concentration.42 Since methylphenidate exposure in
mice has been linked to changes in the substantia nigra, the
brain region affected by Parkinson’s disease, it is important to
understand if it also binds to AS.43 The third goal is to identify
possible lead compounds that might be developed into
therapeutics to slow the progression of neuronal death in
Parkinson’s disease.

■ RESULTS AND DISCUSSION
Nanopore analysis generates event profiles in the form of
current blockade histograms and event time histograms in
which every event represents the interaction of a single AS
molecule with the pore.44,45 The magnitude of the blockade
current, I, and the time of the event, T, yield information about
the conformation of the AS molecule at the instant when it
interacts with the pore.46 Under standard conditions, AS is
unfolded and will translocate through the pore, giving an event
with large I and long T.41 In contrast, if AS folds into a compact
conformation or aggregates, then it is more likely to bump into
the pore, which yields events with a small I and short T.41

Previously, we showed by nanopore analysis that a derivative of
rasagiline, 1-aminoindan, binds to AS.47 Event profiles for other
derivatives of 1-aminoindan are shown in Figure 2. 1-
Hydroxyindan (Figure 2a) gives a major peak at −87 pA due
to translocation of AS through the pore and a minor peak at
−26 pA due to bumping of AS into the pore. This profile is
very similar to that of AS alone, demonstrating that 1-
hydroxyindan does not bind to AS.47 Similarly, it can be
concluded from Figure 2b that 1,2,3,4-tetrahydro-1-naphyl-
amine does not bind to AS. For 1-aminonaphthylamine (Figure
2c), there is a small decrease in the proportion of translocation
events, suggesting that it binds weakly to AS. In contrast, 4-
fluoro-1-aminoindan (Figure 2d) binds tightly because there
are large changes in the profile: the translocation peak is shifted
to about −80 pA, indicative of a conformational change, and
the majority of events are now bumping. At higher ratios of
drug to AS (Figure S1), only bumping events were recorded.
Taken together, these results demonstrate that the binding site
for 1-aminoindan is quite specific and will not tolerate a six-
membered ring or a replacement of the amine for a hydroxyl
group. On the other hand, simple substitutions on the phenyl
ring are allowed.
We next tested a group of drugs for which there is

epidemiological evidence for neurotoxicity. Cinnarizine and
metoclopramide are prescribed for the treatment of motion
sickness and nausea, respectively, and in both cases, there is
good evidence that long-term use gives rise to drug-induced
Parkinsonism.30,31 As shown in Figure 3a,b, there are only small
changes in the event profiles in the presence of the drugs, so the
binding is very weak. It has been suggested that it is a
metabolite of cinnarizine that is responsible for its adverse side
effects, but, unfortunately, this compound was not available.
Upon cessation of drug use, the Parkinsonism eventually
disappears, which is in contrast to idiopathic PD that generally
progresses.30,31 Thus, it appears to be reasonable that the target
of cinnarizine and metoclopromide is not AS.Figure 1. Drug structures and domain structure of AS.
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Previously, it was shown that methamphetamine binds to AS,
and from Figure 3c, it is clear that amphetamine also binds
since there is large increase in the proportion of bumping
events at −26 pA.34 As with methamphetamine, the proportion
of bumping events increases with drug concentration (Figure
S2), but the translocation peak remains at −86 pA. Several
epidemiological studies have shown that amphetamine abuse
leads to an increase in the incidence of PD by as much as 3-
fold.32,33 Similarly, paraquat and rotenone, which are widely
used as herbicides, have long been associated with an increase
in the incidence of PD.28 The event profiles of Figure 3d,e
provide good evidence for binding to AS since, as with
amphetamine, there is a large increase in the proportion of

bumping events, which is concentration-dependent (Figures S3
and S4). Both drugs disrupt the electron transport chain and
causes formation of reactive oxygen species. Thus, they lead to
oxidative stress and mitochondrial dysfunction, both of which
are linked to neuronal cell death in the substantia nigra, the
hallmark of PD.25−27 However, the nanopore results demon-
strate that they cause AS to adopt a more compact
conformation that may misfold more readily, providing another
possible mechanism for their association with PD.
The third group of drugs was selected on the basis of their

known interference in dopamine metabolism or transport. It is
estimated that at least 15% of American adults have used
cocaine at least once, and there is ample evidence that it binds

Figure 2. Blockade current histograms for 10 μM drug with 1 μM AS: (A) 1-indanol, (B) 1,2,3,4-tetrahydro-1-naphthylamine, (C) 1-
aminonapthalene, and (D) 4-fluoro-1-aminoindan.
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Figure 3. Blockade current histograms for 10 μM drug with 1 μM AS: (A) cinnarizine, (B) metoclopromide, (C) (+)-amphetamine, (D) paraquat,
and (E) rotenone.
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to the dopamine transporter, blocking reuptake of dopamine
from the synaptic cleft.48 Although there are changes in brain
structure, the evidence for an increase in PD among cocaine
users is controversial.49−51,32 As shown in Figure 4a, it binds
well to AS since the major peak in the event profile is a
bumping peak at about −26 pA. Again, the proportion of
bumping events increases with drug concentration (Figure S5).
Although the stucture of cocaine is very different from that of
amphetamines, they both cause AS to adopt a more compact
conformation. In contrast, other recreational drugs such as
heroin and methadone have little effect on the event profile of
AS (Figure 4b,c). We also tested metformin, which is one of the
most common drugs prescribed for the treatment of diabetes. It
is known to reduce oxidative stress in several cell lines and is

neuroprotective in an MPTP mouse model of PD.52 Perhaps
suprisingly, since its structure is not related to that of any of the
other drugs, it binds well to AS because the major peak is now
shifted to −65 pA (Figure 4d); therefore, we would predict that
it is neuroprotective. At other drug concentrations, multiple
peaks are observed in the events profiles, some of which have
different blockade currents (Figure S6). For example, at an AS/
metformin ratio of 1:20, a single peak is observed at −52 pA
(Figure S6d), suggesting that their may be multiple binding
sites.
Finally, methylphenidate was investigated in detail because of

its widespread use and abuse and because it shares an aryl-
carbon-carbon-amino pharmacophore with the amphetamines
(see Figure 1). The major metabolite of methylphenidate is

Figure 4. Blockade current histograms for 10 μM drug with 1 μM AS: (A) cocaine, (B) heroin, (C) methadone, and (D) metformin.
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Figure 5. Blockade current histograms for 1 μM AS with (A) 10 μM ritalic acid, (B) 1 μM methylphenidate, (C) 2 μM methylphenidate, (D) 5 μM
methylphenidate, (E) 10 μM methylphenidate, and (F) 20 μM methylphenidate.
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ritalic acid, which was used as a control. As shown in Figure 5a,
ritalic acid has little effect on the event profile since the major
peak remains at −86 pA. In contrast, on addition of

methylphenidate at a ratio of 1:1 (i.e., 1 μM AS to 1 μM
drug), the major peak shifts to −81 pA and the minor bumping
peak is now found at about −40 pA (Figure 5b). On increasing

Figure 6. Blockade current histograms for (A) 1 μM N-terminal AS with (B) 10 μM methylphenidate and (C) 10 μM (+)-amphetamine; (D) 1 μM
C-terminal AS with (E) 10 μM methylphenidate and (F) 10 μM (+)-amphetamine; and (G) 1 μM ΔNAC AS with (H) 10 μM methylphenidate and
(I) 10 μM (+)-amphetamine.
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the concentration of drug to 1:2, 1:5, 1:10, and 1:20
(Figure5c−f), the bumping peak increases in intensity to
about 60% of the total events and shifts to −30 pA.
Concurrently, an intermediate peak at about −60 pA can be

seen at a 1:10 ratio. Thus, not only does methylphenidate bind
tightly to AS but also the presence of several peaks at different
blockade currents suggests that multiple conformations can be
adopted. The adoption of multiple conformations has been

Figure 7. Isothermal titration calorimetry. (A) AS with methylphenidate, (B) AS with (+)-amphetamine, (C) N-terminal AS with methylphenidate,
(D) N-terminal AS with (+)-amphetamine, (E) C-terminal AS with methylphenidate, (F) C-terminal AS with (+)-amphetamine, (G) ΔNAC AS
with methylphenidate, and (H) ΔNAC AS with (+)-amphetamine. The solid lines are with n = 1, and the dashed lines are for n = 2.
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observed previously with drugs such as (±)-nicotine, which can
bind to both the N- and C-terminus of AS.41

The potential binding site(s) of methylphenidate and
amphetamine were investigated in more detail by nanopore
analysis and isothermal titration calorimetry (ITC) with
peptide fragments of AS. The goal was to highlight differences
between the two drugs because numerous studies have
indicated that amphetamines increase the incidence of PD,
whereas for methylphenidate, no such link has been
demonstrated. Figure 6 shows the event profiles, and it is
clear that there is good evidence for binding of methylpheni-
date to ΔNAC and the C-terminus because there are large
changes (Figure 6e,h). For the N-terminal fragment, the result
is less clear because the profiles are similar except for a
reduction in the width of the bumping peak and a small shift
from −30 to −28 pA in the presence of drug (Figure 6a,b). The
blockade time for these events was also measured, but the
change was not significant (0.20 ms without drug and 0.23 ms
with drug; data not shown). When the major peak in the event
profile is a bumping peak, binding of a drug may not lead to
large changes. Therefore, further evidence for binding was
obtained from ITC, as shown in Figure 7. The binding
constants (average of three experiments with an error of ±10%)
were estimated to be 1.8 × 105 M−1 for full-length AS, 2.1 × 105

M−1 for ΔNAC AS, 5.4 × 104 M−1 for N-terminal AS, and 1.7
× 105 M−1 for C-terminal AS. In all cases, there was a good fit
when n (the number of sites) was constrained to be unity but
not for n = 2 (Figure 7). Thus, methylphenidate can
simultaneously bind both N- and C-terminus but not the
NAC region, and since n = 1, it must be constraining the AS in
a loop conformation.
In contrast, amphetamine binds to the N-terminus of AS

because the event profile (Figure 6c) shows a major peak at
about −35 pA that is not present in the control (Figure 6a).
However, there is little evidence for binding to the C-terminus
(compare Figures 6, panels d and f). A preference for an N-
terminal binding site was confirmed by ITC (Figure 7) since
the binding constants were estimated to be 6.8 × 105 M−1 for
full-length AS, 3.2 × 105 M−1 for ΔNAC AS, and 7.1 × 105 M−1

for N-terminal AS; there was no significant change in enthalpy
in the presence of the C-terminus.
It is known that C-terminal cleavage of AS increases the rate

of aggregation and exacerbates the neurodegeneration and
propagation of PD in mouse models.53,54 The N-terminus and
the NAC region become mostly α-helical upon binding
membranes, suggesting that in the unbound, mostly disordered
form of AS there is a significant interaction between the N- and
C-terminal regions that prevents NAC-mediated aggrega-
tion.55,56 Thus, it is perhaps not surprising to find several
drugs that can bind to both the N- and C-terminus, enhancing
this interaction and inhibiting the misfolding of AS (Figure 8).

Such drugs may be neuroprotective. In contrast, drugs that bind
only to the N-terminus, such as amphetamines, may prevent
the interaction between the N- and C-terminus and thus
enhance AS misfolding. Such drugs may be neurotoxic.

■ METHODS
Nanopore analysis and isothermal titration calorimetry were
performed as described previously.47 The peptides were purchased
from rPeptide (Bogart, GA), and the drugs, from Sigma-Aldrich, Ltd.
(Oakville, Ontario).

Nanopore Analysis. Briefly, a lipid membrane was painted over a
small hole in a Teflon cup separating two chambers. One milliliter of
nanopore buffer (1 M KCl and 10 mM Hepes/KOH (pH 7.8) was
added to the cis and trans sides, and the membrane was thinned to a
capacitance of <65 pF by repeated brush strokes. Aliquots of 5 μL of 1
μg/mL of α-hemolysin were added to the cis chamber until stable pore
formation was observed by a jump in the open pore current to 100 pA
under an applied voltage of −100 mV. AS (1 μM final concentration)
was added to the cis side, and about 1000 events were recorded to
ensure that a major peak was observed at the standard blockade
current of −86 pA. The drugs were dissolved in methanol and added
to the cis side to a maximum final concentration of 1% methanol.
Events were then recorded until the membrane broke or the pore
closed. Experiments were performed in duplicate or triplicate. Event
profiles of blockade currents were fitted to a Gaussian distribution with
Clampfit (Axon Instruments) and Origin 7. The error is estimated to
be ±1 pA.

Isothermal Titration Calorimetry. ITC was performed with
samples of 50 μM drug in the syringe and 5 μM AS in the thermal
chamber, in a Nano-ITC calorimeter (TA Instruments, New Castle,
PA, USA). The nanopore buffer, 1 M KCl and 10 mM Hepes/KOH
(pH 7.8), was used throughout at 20 °C with a stir rate of 250 rpm.
After degassing, 21 aliquots of 2.5 μL were added at 250 s intervals. A
control was performed without drug, and the signal was subtracted
from the results with drug. The experiments were performed in
triplicate, and each data point was averaged with an estimated error of
±10%. NanoAnalyze (TA Instruments) was used to fit the data, with
values of n (number of AS molecules per drug molecule) set at one or
two.
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Figure 8. Drugs that cause loop formation may be neuroprotective, whereas those that bind only to the N-terminus may be neurotoxic.
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