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Abstract
The intracellular α-synuclein (α-syn) protein, whose conformational change and aggregation have
been closely linked to the pathology of Parkingson’s disease (PD), is highly populated at the
presynaptic termini and remains there in the α-helical conformation. In this study, circular
dichroism confirmed that natively unstructured α-syn in aqueous solution was transformed to its
α-helical conformation upon addition of trifluoroethanol (TFE). Electrochemical and UV–visible
spectroscopic experiments reveal that both Cu(I) and Cu(II) are stabilized, with the former being
stabilized by about two orders of magnitude. Compared to unstructured α-syn (Binolfi et al., J.
Am. Chem. Soc. 133 (2011) 194–196), α-helical α-syn stabilizes Cu(I) by more than three orders
of magnitude. Through the measurements of H2O2 and hydroxyl radicals (OH•) in solutions
containing different forms of Cu(II) (free and complexed by unstructured or α-helical α-syn), we
demonstrate that the significantly enhanced Cu(I) binding affinity helps inhibit the production of
highly toxic reactive oxygen species, especially the hydroxyl radicals. Our study provides strong
evidence that, as a possible means to prevent neuronal cell damage, conversion of the natively
unstructured α-syn to its α-helical conformation in vivo could significantly attenuate the copper-
modulated ROS production.

Keywords
α-helix; α-synuclein; Parkinson’s disease; copper; binding affinity; reactive oxygen species

1.Introduction
Parkinson’s disease (PD) is the second most common neurodegenerative disease (next only
to Alzheimer’s disease or AD) and affects more than 1% of the people over the age of 65 in
the United States [1]. One hallmark of PD is the progressive loss of dopaminergic neurons in
the mid-brain region referred to as the substantia nigra [1]. The degenerating dopaminergic
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neurons develop a characteristic deposition of Lewy bodies (LB) comprised of abundant
fibrils of α-synuclein (α-syn) [2]. The α-syn protein consists of 140 amino acids, whose
sequence is shown in Scheme 1.

Metal ions have been suggested to play an important role in the etiology of PD because high
concentrations of metal ions were detected in LB [3,4]. Among all the metal ions, copper
has attracted extensive attention because abnormal homeostasis of Cu(II) has been found in
PD patients [5] and Cu(II) has been demonstrated to accelerate the formation of the α-syn
fibrils [6,7]. Furthermore, α-syn can sequester Cu(II) released from aberrant proteinns of PD
patients [8]. In biological milieu, redox metal ions such as Cu(II) and Fe(II) are tightly
regulated, because free forms of these ions can initiate redox cycles, leading to the
production of reactive oxygen species (ROS) such as hydroxyl radicals (OH•) through the
Harber-Weiss and Fenton-like reactions:[9]

(1)

(2)

(3)

Several in vitro studies have revealed that the natively unstructured α-syn protein is capable
of binding Cu(II), with the strongest binding domain in the N-terminus and Met–1 as the
anchoring site [10-16]. However, the dissociation constants (KD) reported range from sub-
μM to sub-nM [10-16]. Such a wide discrepancy may stem from the differences in the
electrolyte solutions (type of buffer, ionic stength, pH, etc.), choices of the competitive
ligands, and the detection methods. We have recently shown that copper complexes of
amyloidogenic proteins (e.g., α-syn [17], Aβ [18] and prion protein-derived peptides [9]),
upon reduction by common cellular reductants, can generate H2O2 (another ROS) in the
presence of oxygen. Using ascorbic acid (AA) oxidation to dehydroascorbate (DA) as an
example, the following redox cycle [17] is thermodynamically favorable:

(4)

(5)

Binding of metal ions by α-helical α-syn might be different from that by natively
unstructured α-syn. Studying Cu(II) binding by α-helical α-syn should be more biologically
relevant, because α-syn is highly populated at the presynaptic termini (PST) and remains at
such an interface in the α-helical conformation [19,20]. Moreover, release of metal ions by
neurons during their depolarization and neurotransmission is also an interfacial process.
Indeed, recently Lee and coworkers demonstrated that lipids (a good simulant of the
presynaptic terminal) favor the formation of α-helical α-syn, resulting in an increase of
binding affinity of α-syn to Cu(II) by 3.3 times [21]. However, whether Cu(I) reduced from
Cu(II) can be stabilized by α-helical α-syn, and if so, how much it is stabilized, have not
been examined. As can be seen from both of the aforementioned redox cycles involving
copper, reoxidation of Cu(I) back to Cu(II) determines the amount and kinetics of ROS
production.
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The main objective of this work is centered on the study of the Cu(II) and Cu(I) binding
affinity of α-helical α-syn (particularly the latter) with respect to that of the unstructured
form, and the relationship between the binding affinity and the attenuation/inhibition of the
production of reactive oxygen species (OH• and H2O2). Circular dichroism (CD)
spectroscopy confirmed that α-helical α-syn was formed by adding trifluoroethanol (TFE)
to an aqueous solution of α-syn. We employed UV-visible (UV-vis) spectroscopy to
determine the affinity of α-helical α-syn to Cu(II), and utilized electrochemistry to measure
the affinity to Cu(I). Furthermore, the concentrations of H2O2 and OH• in solutions
containing different forms of Cu(II) (free and those complexed by unstructured and α-
helical α-syn) were measured by electrochemical and fluorescence methods, respectively.
We demonstrate, for the first time, that the dramatic stabilization of Cu(I) by α-helical α-
syn leads to a significantly attenuated ROS production.

2. Materials and methods
2.1. Materials

Sodium hydroxide, sodium chloride, LB broth, ammonium sulfate, cupric sulfate, guanidine
hydrochloride, ampicillin, 3-(N-morpholino)-propanesulfonic acid (MOPS), TFE, isopropyl
β-D-thioga-lactopyranoside (IPTG), trifluoroacetic acid, and other organic solvents were
obtained from Thermo Fisher Scientific, Inc. (Pittsburgh, PA). Wang resin, Fmoc-protected
amino acids, triisopropylsilane, diisopropylcarbodiimide, 1-hydroxylbenzotriazole, and
piperidine were purchased from Anaspect Inc. (San Jose, CA). The chromophoric chelator,
Mag-Fura-2 (MF), was obtained from Invitrogen Corp (Carlsbad, CA). Coumarin-3-
carboxylic acid (3-CCA) and ferrocene monocarboxylic acid (Fc-COOH) were received
from Sigma-Aldrich (Milwaukeee, WI). All aqueous solutions were prepared with deionized
water (18 MΩ · cm) treated with a water purification system (Simplicity Plus, Millipore
Corp., Billerica, MA). The synthesis and purification of α-syn(1–19) have been described in
our previous work [17].

2.2. Expression and purification of α-syn
The wild-type human α-syn was expressed and purified following our published procedure
[17]. Briefly, the pRK172 plasmid was transformed to E. coli strain BL21 (DE3) and IPTG
was used to induce the expression. E. coli cells were harvested by centrifugation and
subsequently resuspended in 10 mM phosphate buffer solution (pH 7.4). This step was
followed by incubation with lysozyme. The α-syn-containing supernatant was separated via
precipitation, centrifugation, and freeze-drying. Purification was performed using a semi-
preparative reversed-phase HPLC (Shimadzu 6AD, Columbia, MO) system equipped with a
column (Jupiter-10μm-C18-300Ǻ, dimension of 250 × 4.6 mm i.d.) from Phenomenex
(Torrance, CA). The mobile phases were 0.1% trifluoroacetic acid in water (v/v, mobile
phase A) and 0.1% trifluoroacetic acid in acetonitrile (v/v, mobile phase B). The flow rate
was set at 4.75 mL/min, and the elution gradient was 25–75% B for 20 min.

2.3. Circular dichroism spectroscopy
The CD spectra were collected on a Jasco J-815 spectropolarimeter (Jasco, Tokyo, Japan). A
0.1 mm path length quartz cell with a 300 μL capacity was used to record data between 185
and 280 nm at a scan speed of 20 nm min−1 and a response time of 8 s. The experiments
were performed at room temperature in 0.1 mg mL−1 protein solution. The samples were
prepared by dissolving lyophilized α-Syn in aqueous MOPS (10 mM, pH = 7.4) or that
containing 50% TFE (v/v).
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2.4. Ultraviolet-visible spectroscopy
Ultraviolet-visible absorbance measurements were performed using a Cary 100 UV-vis
spectrometer (Agilent Technologies, Palo Alto, CA). The binding affinity of α-syn to Cu(II)
was determined through the well-established competitive binding assay using MF [10]. The
1 mM CuSO4 stock solution was prepared with 1 mM H2SO4. Aliquots of the stock Cu(II)
solution were added to the MOPS buffer containing 5 μM MF. The dissociation constant of
the MF–Cu(II) complex (KD) was determined from the absorbance at 370 nm plotted as a
function of the Cu(II) concentration, [L], using the following equation:

(Eq.1)

where A0 and AL are the absorbance readings of MF at 370 nm in the absence and presence
of Cu(II), respectively. Aα is the steady-state absorbance of the MF solution that is saturated
with Cu(II). [M0] is the formal concentration of MF.

To determine the α-syn–Cu(II) dissociation constant K’D(MF–Cu(II)), Cu(II) stock solution
was added to a mixture of 2.5 μM MF and 50 μM of α-syn. The apparent dissociation
constant K’D(MF–Cu(II)) was determined using Eq. 1. The dissociation constant
(K’D(MF–Cu(II))) was then calculated from Eq. 2:

(Eq.2)

where K’D(MF–Cu(II)) is the real dissociation constant of the Cu(II) complex of α-syn.

2.5. Electrochemical measurement
Voltammetric measurements of the Cu(II) complexes of unstructured and α-helical α-syn
were carried out on a CHI832 electrochemical workstation (CH Instruments, Austin, TX) in
a homemade plastic electrochemical cell. A glassy carbon disk (3 mm in diameter), a
platinum wire, and a Ag/AgCl electrode served as the working, auxiliary, and reference
electrodes, respectively. The electrolyte solution was a 10 mM MOPS buffer (pH 7.4)
comprising 0.1 M Na2SO4 in water or in 50% TFE (v/v).

2.6. Binding affinity between Cu(I) and α-helical α-syn
We measured the dissociation constant of the Cu(I) complex of α-helical α-syn from the
shift of the redox potential of α-helical α-syn–Cu(II) with respect to that of free Cu(II)/
Cu(I):[22]

(Eq.3)

Where  is the stadard potential of the Cu(II)/Cu(I) couple and
E0

a-syn–Cu(II)/a-syn–Cu(I) is that of the α-syn–CU(II)/α-syn–Cu(I) couple, which was assumed
to be the average (0.097 V) of the oxidation (0.137 V) and reduction (0.056 V) potentials.
KD(a-syn–Cu(II)) is the dissociation constant of the Cu(II) complex of α-helical α-syn, which
can be determined from the mf assay. Thus, the reciprocal of KD(a-syn–Cu(I)), which is also
KA(a-syn–Cu(I)) (binding affinity of α-syn to Cu(I)), can be deduced.
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2.7. Determination of hydrogen peroxide concentrations
H2O2 in TFE-containing and TFE-free solutions was determined in a thin-layer
electrochemical flow cell (Bioanalytical System Inc., West Lafayette, IN) using a hydrogel-
peroxidase-modified glassy carbon electrode, as described in our previous study [17]. Both
solutions contained 10 μM α-syn, 5 μM Cu(II) and 200 μM AA. Upon incubation of these
solutions for predetermined times, they were diluted five-fold with 10 mM MOPS buffer
prior to injections into the electrochemical flow cell.

2.8. Hydroxyl radical detection
Fluorescence measurements were carried out at room temperature using a Varian
fluorescence spectrophotometer (Cary Eclipse). A modified version of the coumarin-3-
carboxylic acid (3-CCA) assay was used to detect the hydroxyl radical [23]. Hydroxyl
radicals react with 3-CCA to produce 7-OHCCA, which emits fluorescence at ~450 nm
upon excitation at 395 nm. The blank solution was MOPS buffer comprising only 1 mM 3-
CCA and 200 μM AA and its background signal had been subtracted from all of the
fluorescence values in this study.

3. Results and discussion
3.1. The α-syn protein adopts an α-helical conformation in a mixture of TFE and water

As mentioned in the introduction, in vivo α-syn adopts the α-helical conformation at
presynaptic termini. However, thus far, information about α-syn binding to copper in the α-
helical conformation, particularly to the reduced form of copper (Cu(I)) is rather limited.
The mixed TFE/water system has been used to induce conformational changes of proteins
[24] and to mimic the cell membrane environment [25]. We therefore adopted this mixed
solvent system to convert the natively unstructured conformation of α-syn to its α-helical
conformation by adding 50% TFE to an aqueous solution. Circular dichroism spectroscopy
was exploited to confirm such a conversion in the secondary structure. The CD spectra of α-
syn in aqueous solution was characterized by a negative peak at 199 nm (solid curve in Fig.
1), which is indicative of the unstructured conformation. When TFE was added to the
solution, two negative peaks (at 222 and 209 nm) and a positive peak at 192 nm (dashed
curve) [26] were observed. Therefore, in this mixed solvent system, the stable conformation
of α-syn is α-helical.

3.2. Cu(II) binding by α-helical α-syn is enhanced over binding by the unstructured
conformation

Because wild-type α-syn does not contain any fluorescent amino acid residues at its N-
terminus, we used the metal chelator, MF, in a competitive binding assay [10] to determine
KD(a-syn–Cu(II)) of unstructured or α-helical α-syn. As shown in Fig. 2A, pure MF shows a
maximum UV-vis peak at 340 nm and a shoulder peak at 370 nm. The shoulder peak at 370
nm decreases with the increase of Cu(II) concentration, whereas two new peaks appear at
320 and 335 nm. As mentioned in the Experimental section, the peak intensity at 370 nm
can be substituted into Eq. 1 to calculate KD(MF–Cu(II)). KD(MF–Cu(II)) was determined to be
25 ± 3 nM (Fig. 2B).

In the presence of α-syn, the apparent dissociation constant K’D(MF–Cu(II)) can also be
calculated by fitting the data acquired at 370 nm. The solid curve in Fig. 3 shows the decay
of the MF peak intensity at 370 nm upon addtion of various amounts of Cu(II) into an
aqueous α-syn solution, whereas the dashed curve corresponds to that in the mixed solvent
system. By fitting the data with Eqs. 1 and 2, values of KD(a-syn–Cu(II)) for unstructured α-
syn and α-helical α-syn were determined to be 420 ± 30 and 56 ± 12 nM, respectively. The
KD(a-syn–Cu(II)) for unstructured α-syn is in good agreement with those reported by Lee and
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co-workers [11,12] and Fernández and co-workers [7,10]. However, our value are about
three orders of magnitude higher (weaker binding) than those determined from electron
paramagnetic resonance and isothermal titration calorimetric measurements [13,16]. As
mentioned in the Introduction, the discrepancy might be originated from the different
experimental conditions and detection principles. We also studied the interaction of α-
syn(1–19) and Cu(II) in TFE-free and TFE-containing solutions (inset) and found KD of the
Cu(II) complex of α-syn(1–19) in the former solution (347 ± 32 nM) to be higher than in the
latter (52 ± 9 nM). In a separate CD measurement (data not shown), we confirmed that α-
syn(1–19) is also in the α-helical conformation in the TFE-containing solution. Therefore,
the analougous behaviors between the full-length α-syn and α-syn(1–19) suggests in both
the natively unstructured and α-helical conformations, the major Cu(II)-binding site is
located in the N-terminus of α-syn. This point is consistent with findings by Lee and co-
workers [11,21].

3.3. Alpha-helical α-syn stabilizes Cu(I) over Cu(II)
We collected a cyclic voltammogram of the Cu(II) complex of α-helical α-syn (solid cuve
in Fig. 4) and compared it to that of the complex formed between Cu(II) and unstructured α-
syn (dashed curve). The former complex exhibits a greater reversibility [27], as reflected by
a smaller peak potential difference (0.081 V) and a peak current ratio (0.93) greater than the
latter (0.088 V and 0.88, respectively). The redox wave of the former (E1/2 = 0.097 V, which
is the average of the oxidation and reduction peak potentials) is shifted in the anodic
direction by 0.093 V with respect to that of the latter (E1/2 = 0.004V). To account for
possible effects caused by the change in the dielectric constant (or uncompensated solution
resistance), we have conducted voltammetric measurements of Fc-COOH in TFE-containing
and TFE-free solutions (inset of Fig. 4). The redox wave of Fc-COOH in the mixture of TFE
and water is shifted by 0.014 V with respect to that of Fc-COOH in water. Therefore, we
estimated the actual shift to be 0.093 ± 0.014 V. From eq. 3, such a shift corresponds to a
ratio of KD(a-syn–Cu(I)) over KD(a-syn–Cu(II)) in the range of 100–300. Thus, our results
indicate that the stabilization of Cu(I) by α-helical α-syn is about two orders of magnitude
more than that of Cu(II). Previously we published a procedure for estimating the KD value
of the iron complex of unstructured α-syn [22]. Similarly, KD(a-syn–Cu(I)) of α-helical α-syn
was estimated to be between 0.19 and 0.56 nM, which is more than three orders of
magnitude lower than that of the Cu(I) complex of unstructured α-syn (~ 2 μM determined
with NMR by Binolfi et al. [28]). We should caution that the absolute KD(a-syn–Cu(I)) value is
dependent on the exact KD(a-syn–Cu(II)) value reported in the literature [10-16], as
KD(a-syn–Cu(I)) is deduced from the ratio of these two dissociation constants. Given the wide
range of variability of the KD(a-syn–Cu(II)) values reported thus far, the final KD(a-syn–Cu(I))
might need be corrected when the field settles on the final KD(a-syn–Cu(II)) value.
Nevertheless, our derivation and conclusion are internally consistent in that KD(a-syn–Cu(I)) is
always 100–300 lower than KD(a-syn–Cu(II)). Such a range of elevation is significant and
indicates the Cu(I) center is strongly coordinated by α-syn in the α-helical conformation.

3.4. Alpha-helical α-syn impedes copper redox cyclying and attenuates ROS production
The significant stabilization of Cu(I) by α-helical α-syn suggests that α-helical α-syn
should be able to attenuate or inhibit ROS production by slowing or shutting down the turn-
over of Cu(I) to Cu(II) (e.g., in reaction 3 or 5). To verify this, we measured both the H2O2
and OH• concentrations in aerated solutions containing α-helical α-syn–Cu(II), unstructured
α-syn–Cu(II), and free Cu(II) over a span of 4 h. To initiate the redox cycle, AA was used to
reduce the complexed and free Cu(II) to their Cu(I) counterparts. As shown by the dash-
dotted curve in Fig. 5A, in the presence of free Cu(II), the amount of H2O2 increases sharply
at the beginning but decays precipitiously at ca. 5 min. In the unstructured α-syn–Cu(II)
solution, the trend is similar, though the amount of H2O2 produced is considerably smaller
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and the decay is also much more gradual. Furthermore, the decay did not begin until ca. 120
min. In contrast, the H2O2 concentration in the α-helical α-syn–Cu(II) solution rises even
more gradually and levels off (instead of decreasing) after about 125 min. These trends are
highly comparable to those in our previous studies on the attenuation or inhibition of H2O2
production by peptides derived from prion protein (PrP) with high and low copper
occupancies [9]. In Fig. 5A, the highest H2O2 concentration in the free Cu(II) soution is ca.
60% greater than that in the unstructured α-syn–Cu(II) solution, whereas the peak H2O2
concentration in the unstructured α-syn–Cu(II) solution is 24% higher than the highest
amount of H2O2 produced in the α-helical α-syn–Cu(II) solution. As suggested in our
previous work [9], the initial sharp rise of H2O2 in the free Cu(II)-containing solution can be
partially attributed to the rapid production of H2O2 by free Cu(II), and the drastic decay
suggests that the Fenton-like reaction (cf. reaction 3 in Introduction), in which the freshly
generated H2O2 begins to react with free Cu(II) at an appreciable rate to produce OH•, has
become predominant. In other words, as H2O2 accumulates in the solution, reactions 1–3
will accelerate and [OH•] increases at the expense of [H2O2]. Unlike our previous work on
copper complexes of the PrP peptides wherein only [H2O2] was measured [9], for this study
we determined [OH•] in solutions that had been incubated for predetermined times. The
occurrence of the Fenton-like reaction is confirmed by the dash-dotted curve in Fig. 5B,
which shows that a rapid rise of [OH•] (measured by the increased CCA fluorescence) is
followed by a gradual change. Interestingly, when Cu(II) is complexed by unstructured α-
syn, [OH•] produced by the Fenton-like reaction (solid curve in Fig. 5B) is smaller. After
about 30 min, [OH•] in the unstructured α-syn–Cu(II) solution is typically 35% less than
that in the solution wherein Cu(II) is uncomplexed. This suggests that complexation of
Cu(II) by unstructured α-syn helps scavenge free Cu(II) in solution and slows down the
ROS production.

That α-helical α-syn is more effective in impeding the H2O2 production in copper redox
cycling is interesting. We also attempted to measure the CCA fluorescence in solution
containing α-helical α-syn–Cu(II) but did not detect any CCA flurescence signal. This
observation suggests that either production of OH• through reactions 1–3 is completely
inhibited by α-helical α-syn or any trace amount of OH• might have reacted away with
TFE. We believe that the former process is more likely because the shape of the dashed
curve in Fig. 5A is sigmoidal (i.e., no decay was observed). The absence of a decay suggests
that conversion of H2O2 to OH• probably does not take place. We attribute the substaintial
retardation or complete inhibition of the OH• production to the significant stabilization of
Cu(I) by α-helical α-syn.

3.5. Biological implications
In vivo, the α-syn concentration in plasma is rather low (~ 20 nM) [29]. Presynaptic
terminals help convert the natively unstructured α-syn into the α-helical conformation,
allowing α-syn to be compacted or enriched [20]. It is interesting to note that at the cell
membrane/cytosol interface, depolarization of cell membrane often accompanies metal ion
release. It is possible that Cu(II) released from such a process or bound by lipid [13] can be
sequestered by α-helical α-syn. Given the nM affinity constants of unstructured [13,16] and
α-helical α-syn [21] to Cu(II), it is possible that α-helical α-syn can also seize Cu(II) from
other copper-transport proteins [30,31]. In brain, abundant antioxidants exist to counter the
effects of oxidative stress/damage, these species (e.g., AA and glutathione) have rather low
reduction potentials and can readily reduce the Cu(II) center in the α-helical α-syn-copper
complex to Cu(I).

OH• is highly reactive and can modify unsaturated lipids, damage nucleic acids, and oxidize
proteins, all of which have been detected in PD brain [32]. On the other hand, H2O2 has a
dual function: at high concentration (mM or sub-mM levels) it is a ROS that can inflict
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oxidative damage, but at low concentration (μM level) it can serve as a signaling molecule
[33]. The significant stabilization of Cu(I) by α-helical α-syn leads to a gradual and
controlled production of H2O2 (cf. Fig. 3A) and possibly a complete quenching of the OH•-
producing copper redox cycle (i.e., reactions 1–3). Such a stabilization has at least two
beneficial outcomes. First, α-helical α-syn probably plays a protective role in maintaining
the integrity of the neuronal cells (i.e., keeping nucleic acids, proteins, and lipids intact) by
complexing copper and stabilizing copper in the Cu(I) state so that H2O2 is produced in a
controlled fashion and generation of the highly reactive OH• is substainially retarded.
Second, it is well established that the PD pathology is closely associated with loss of
dopaminergic neurons. Since dopamine is released from dopaminergic neurons at PST and
in a OH•-rich milieu can be chemically modified into other forms (e.g., 6-hydroxydopamine,
which is highly neurotoxic), we posit that another benefitial effect of stabilizing Cu(I) by α-
helical α-syn could be that dopamine released from vesicles will remain intact in a OH•-
deficient environment. Consequently, intact dopamine molecules released by PST can be
properly captured by dopamine receptors at PST, be internalized by the signal-transmitting
neurons, or be quickly cleared from the extracellular milieu. We should also note that the
integrity of dopamine-encapsulating vesicles can also be affected by OH• through the lipid
peroxidation process, which affects their proper fusion with neuronal membrane [34]. The
inhibition/attenuation of free copper-induced ROS production by α-helical α-syn and the
circumvention of the abovementioned damages at a cell membrane are pictorially shown in
Fig. 6.

4. Conclusions
Using UV-visible spectroscopy and electrochemistry, we have shown that α-helical α-syn
binds Cu(II) and Cu(I) more strongly than its unstructured conformation. To the best of our
knowledge, this is the first study that demonstrates the binding affinity between α-helical α-
syn and Cu(I) is substantially greater than that between α-helical α-syn and Cu(II).
Compared to the complex formed between Cu(I) and unstructured α-syn [28], the affinity
constant (~1010 M−1) of the α-helical α-syn–Cu(I) complex is more than four orders of
magnitude higher. In line with this finding, H2O2 generated through the copper redox
cycling is at a tolerable level (< 30 μM as shown in Fig. 5A), while OH• produced via the
Fenton-like reaction is kept at a minimal concentration. Our study provides strong evidence
that, as a possible means to prevent neuronal cell damage/death, conversion of the natively
unstructured α-syn to its α-helical conformation significantly attenuates the copper-
modulated ROS production.
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5. Abbreviations

α-syn α-synuclein

PD Parkinson’s disease

TFE trifluoroethanol

LB Lewy bodies

ROS reactive oxygen species

OH• hydroxyl radicals
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AA ascorbic acid or ascorbate

DA Dehydroascorbate

PST presynaptic termini

MOPS 3-(N-morpholino)-propanesulfonic acid

IPTG isopropyl β-D-thioga-lactopyranoside

MF mag-Fura-2

3-CCA coumarin-3-carboxylic acid

Fc-COOH ferrocene monocarboxylic acid

CD circular dichroism
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Highlights

1. Both Cu(I) and Cu(II) are strongly coordinated by α-helical α-syn.

2. α-helical α-syn stabilizes Cu(I) 104 time more than unstructured α-syn does.

3. Stabilization of Cu(I)by α-helical α-syn leads to a controlled production of
H2O2.

4. OH• production via copper redox cycling is attenuated by Cu(I) coordination
with α-syn.
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Fig. 1.
CD spectra of 0.1 mg mL−1 α-syn in water (solid curve) and in a TFE/water mixture (v/v =
50/50; dashed curve). Both solutions contained 10 mM MOPS with pH 7.4.
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Fig. 2.
(A) UV-Vis spectra of 5 μm mf in the presence of different Cu(II) concentrations in mops.
(B) A plot of absorbance at 370 nm vs. [Cu(II)] (solid squares, which are the averages of
three replicates). the fitted curve was obtained using EQ. 1.
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Fig. 3.
Absorbance of MF (2.5 μM) at 370 nm plotted as a function of [Cu(II)] in an aqueous α-syn
solution (50 μM; solid curve) or an α-syn solution containing 50% TFE (dashed curve).
Inset: The same experiments performed with α-syn(1–19) in aqueous solution (50 μM; solid
curve) and an α-syn(1–19) solution containing 50% TFE (dotted curve). The curve fitting
was obtained using Eq. 1.
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Fig. 4.
Cyclic voltammograms of the α-syn–Cu(II) complex (formed using 100 μM Cu(II) and 100
μM α-syn) in an aqueous solution (solid curve) and in a TFE/water solution (dashed curve).
Inset: cyclic voltammograms of 1.0 mM Fc-COOH in an aqueous solution (solid) and a
TFE/water mixture solution (dashed). All solutions contained 0.1 M Na2SO4, with pH 7.4
maintained by MOPS. The scan rate was 5 mV s−1 and the solid arrow indicates the initial
scan direction.
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Fig. 5.
(A) Concentrations of H2O2 generated by α-helical α-syn–Cu(II)(dashed curve),
unstructured α-syn–Cu(II)(solid curve) and free Cu(II) (dash-dotted curve). [AA], [α-syn]
and [Cu(II)] were 200, 10 and 5 μM, respectively. (B) Changes of [OH•] plotted as the 7-
OHCCA fluorescence intensity in the presence of free Cu(II) (5 μM; dash-dotted curve) and
the Cu(II) complex of unstructured α-syn (solid curve; 5 μM Cu(II) and 10 μM α-syn).
Both solutions contained 200 μM AA and 1 mM 3-CCA. The error bars are relative standard
deviations of three replicates.
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Fig. 6.
A model showing the stabilization of Cu(I)by α-helical α-syn at part of a vesicle or cell
membrane (top; shown as a lipid bilayer). The stabilization can significantly attenuate the
copper-induced OH• production. Without α-syn, copper could generate a high level of OH•
via the Harber-Weiss and/or Fenton-like reactions, which in turn would damage cell
membrane via lipid peroxidation or cleavage of unsaturated lipids, as shown at the bottom of
the model. The OH• radicals can also modify dopamine (denoted by blue spheres) into other
forms such as 6-hydroxydopamine (denoted by pink spheres).
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Scheme 1.
The sequence of α-syn with its N-terminus expressed in italics and its C-terminus
underlined.
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