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Abstract
Interactions of copper and membranes with α-synuclein have been implicated in pathogenic
mechanisms of Parkinson’s disease, yet work examining both concurrently is scarce. We have
examined the effect of copper(II) on protein/vesicle binding and found that both the copper(II)
affinity and α-helical content are enhanced for the membrane-bound protein.

α-Synuclein (α-syn), an amyloidogenic protein implicated in Parkinson’s disease (PD),
localizes near synaptic vesicles and mitochondrial membranes in vivo.1, 2 Despite the
attention given to this protein, its native function and pathological role in PD remain ill-
defined. Recently, it was established that α-syn acts as a chaperone, facilitating the rapid
reassembly of the SNARE complex which is needed for neurotransmitter release from
presynaptic vesicles.3 While protein-vesicle interactions are involved in the physiological
function of α-syn, it also has been suggested that α-syn-membrane association promotes
aggregation, where the membrane surface serves as an initiation site or “seed” for amyloid
(fibril) formation.4, 5 Through detailed studies employing a variety of spectroscopic methods
such as NMR,6–8 EPR,9–11 and fluorescence,12–14 two different membrane-bound α-syn
conformations (extended helix vs. an antiparallel arrangement of two helices) have been
reported, however a consensus has yet to be achieved.

Alterations in metal homeostasis with age, specifically pertaining to copper accumulation,
also has been a topic relevant to PD etiology that is progressively gaining attention in the
literature.15–21 Copper, is a redox-active biometal that can easily promote aberrant oxidative
chemistry through abnormal metal-protein interactions. In fact, we previouly reported
evidence for dityrosine crosslinks within α-syn fibrils that resulted from copper(I)/O2
chemistry.22 Moreover, amongst an array of metals examined, copper(II) has been shown to
accelerate the fibrillation process of α-syn.20, 23

The focus of this study is to examine the effect of copper(II) on α-syn/lipid interactions and
to test whether the phospholipid vesicles can modulate the copper(II) binding properties.
Copper(II) is known to coordinate to soluble α-syn within the first four residues (MDVF)
through the N-terminal amine and backbone amide chelation.24–29 The predicted geometry
of this high affinity metal binding site is square planar. Markedly, the N-terminal region is
also anticipated to interact electrostatically with cellular membranes through seven
imperfect amino acid repeats (KXKEGV) in the primary amino acid sequence (Fig. 1).30
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Hence, our studies were restricted to the N-terminus of α-syn since it contains the copper(II)
binding site and is thought to be the anchoring region for α-syn/membrane interactions.8

The N-terminal Trp-containing variant of α-syn, F4W, is excellent for investigating the
effect of extrinsic environmental factors such as copper- or membrane-protein interactions
by monitoring changes in the W4 fluorescence properties.27, 31, 32 Specifically, our prior
work has shown that the F4W mutant exhibits similar membrane and copper binding
properties as the wild-type protein. To conduct this study, synthetic membranes were
prepared from a 1:1 molar ratio of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (POPA) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). The average hydrodynamic
radius of these phospholipid vesicles was estimated as ~50 nm from dynamic light scattering
measurements.

Consistent with our previous work, addition of phospholipid vesicles to a pH 7 buffer
solution (20 mM MOPS, 100 mM NaCl) of F4W (5 μM) results in a pronounced blue shift
of the W4 spectrum (Δλmax = 25 nm), shifting from 350 nm to 325 nm, and a greater than 3-
fold increase in quantum yield upon saturation ([liposomes] ~ 1.9 mM; lipid-to-protein ratio
~ 380; Fig. 2 Top).32 In general, the respective data reveal that the environment surrounding
W4 has increased hydrophobicity and decreased dynamic motion, indicating that the indole
sidechain has become more restricted. These spectroscopic signatures can be easily
rationalized by the N-terminus of F4W α-syn inserting into the phospholipid bilayer,
therefore transitioning from water- to membrane-exposed.

Saturation of the W4 intensity at λmax = 325 nm with addition of synthetic vesicles indicates
that the membrane-bound protein (F4Wmem) has fully formed. Small quantities (5 nM – 20
μM; 0.001 – 4 eqs.) of copper(II) were then titrated into the sample containing 5 μM
F4Wmem, which resulted in quenching of the W4 emission as a function of [CuII] (Fig. 2
Top). The W4 fluorescence intensity was fully quenched with addition of ~1 eq. copper(II),
indicating direct CuII/F4Wmem and a 1:1 metal to F4Wmem binding stoichiometry.

In order to verify that the copper-bound protein is still vesicle bound and this metal-
association is reversible, a strong copper(II) chelator, ethylenediaminetetraacetic acid
(EDTA), was added to extract the metal ion from CuII–F4Wmem. Compared to the W4
fluorescence intensity measured in the absence of copper(II), the F4Wmem recovery yield
was determined as ~ 90%. Strikingly, this result suggests that α-syn remains membrane-
bound with coordination and release of copper(II). Therefore, the N-terminus must
reversibly permeate the membrane surface in order to facilitate copper(II) binding since
metal ions cannot enter the phospholipid bilayer.

Copper(II) titrations also were conducted at lower protein concentrations ([F4Wmem] = 1
μM), enabling a more accurate measurement of the apparent dissociation constant (Kd(app)).
A single-site binding model (CuII + F4Wmem ⇆ CuII – F4Wmem) was employed and Kd(app)
~ 30 nM was determined (Fig. 2 Bottom). Previously, we reported the Kd(app) for copper(II)
binding to soluble F4W as ~ 100 nM under anaerobic conditions. It is noteworthy that these
values have some uncertainty since the protein concentrations are greater than Kd(app).
Regardless, the results indicate that the copper(II) binding affinity of F4W α-syn is enhanced
when the protein is membrane-bound. Consistent with our result, Paik and coworkers
previously found that copper(II) localization to α-syn was increased in the presence of
anionic phospholipids.33

α-Syn is known to bind anionic detergent micelles and phospholipid vesicles resulting in a
conformational change from unstructured to α-helical based on in vitro studies.30, 32 As
shown by circular dichroism (CD) spectroscopic measurements in Fig. 3, addition of
phospholipid vesicles to a solution at pH 7 ([α-syn] = 5 μM, 20 mM MOPS, 100 mM NaCl)
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induces a secondary structural transition from unfolded to α-helical. Typical features with
negative maxima at 208 and 222 nm were observed with an isodichroic point at 203 nm,
consistent with a two-state model. The maximum total α-helical content is approximated to
be 69% with a mean residue ellipticity ([Θ]222nm) of −23,800 deg cm2 dmol−1. Remarkably,
based on complementary CD data analysis of wild-type α-syn, the maximum α-helical
content increases by 7%, [Θ]222nm = −26,700 deg cm2 dmol−1, with addition of ~1 eq. of
copper(II), i.e. formation of CuII–α-synmem; the signal saturates at 1 eq and does not change
upon further copper(II) addition. Removal of the metal ion by EDTA results in the
membrane-bound protein returning to the initial unmetallated conformation (α-synmem).

Metal coordination in a square planar geometry, as is predicted for CuII-α-syn, is ideal for
stabilizing an α-helix based on structural information gained from the de novo design of
proteins or peptides.34–36 Specific functions or desired properties can be promoted through
controlled transition metal binding that induces select conformational modes. For example,
the α-helical amphiphilic cell-lytic peptide, mastoparan X, has been engineered to bind
divalent cations resulting in an increase in helical propensity, enhanced lytic potential, and
thermodynamic stabilization of the protein structure.36 Therefore, coordination of copper(II)
at the N-terminus of α-syn could lock the protein backbone in an α-helical conformation
explaining our observed increase in helical content.

Notably, Lansbury and coworkers have shown that toxic variants of α-syn generally have a
higher propensity to form an α-helical structure.37 Moreover, Brown and coworkers have
reported that α-syn cellular toxicity requires copper(II) binding to the protein.16, 38 This
toxicity was also correlated with an increase in the formation of oligomeric species. In
separate work, such oligomeric or protofibrillar forms of α-syn were capable of
permeabilizing vesicles through the formation of pores in the membrane.39 Therefore, an
important direction for future work is to examine the effect of copper binding on membrane
integrity.

In summary, we show that copper(II) binding to the N-terminus of α-syn affects its helical
propensity. Furthermore, this work demonstrates that N-terminal membrane association is a
dynamic process at least in regards to the copper-binding site penetrating the vesicle surface
(Fig. 4). Since α-syn/membrane interactions are relevant to the protein’s native function, it is
possible that alterations in cellular copper levels with age could influence protein
conformation leading to increased toxicity. Given that the C-terminus of α-syn is important
for assembly of the SNARE complex, this process should not be affected by copper(II)
binding. Nevertheless, further work is necessary to probe the effects of metal-induced
membrane leakage and/or lipid oxidation that could result from CuI/O2 redox chemistry.
Failure of membrane integrity could ultimately result in changes in cellular homeostasis,
leading to cell dysfunction, as potential relevance to PD onset and other synucleinopathies.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic representation of the human α-syn primary amino acid sequence. The N-terminal
copper(II)-binding sequence (cyan) and the seven imperfect amino acid repeats (red) are
highlighted. Location of Trp mutation within the α-syn variant (F4W) is underlined.
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Fig. 2.
Copper(II) binding of membrane-bound α-syn. (Top) W4 spectroscopic changes in the
presence of POPA:POPC vesicles ([liposomes] = 1.9 mM, [α-syn] = 5 μM, red) and
subsequent copper(II) additions (5 nM to 5 μM, grey and blue). Lipid background spectra
have been subtracted. (Bottom) Comparison of copper(II) titration curves in the presence
(red) and absence (blue) of vesicles ([liposomes] = 1.9 mM, [α-syn] = 1 μM).
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Fig. 3.
Changes in α-syn secondary structure upon vesicle association and the effect of copper(II)
binding, as determined by CD spectroscopy. In solution, α-syn is unstructured (black) and in
the presence of POPA:POPC vesicles, the protein adopts an α-helical conformation (solid
red). This helical structure increases with coordination of 1 eq. copper(II) (blue). Removal
of copper(II) by EDTA reverses this transformation back to the unmetallated membrane-
bound protein (red dashes).
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Fig. 4.
Schematic representation of soluble and membrane-bound α-synuclein (α-syn) and
interaction with copper(II). In the soluble form, the N-terminus binds copper(II) in a square
planar geometry ligated by the α-amino group and backbone amides. Water is shown as an
exogeneous ligand. Upon membrane interaction, α-syn adopts a helical conformation. The
N-terminus that comprise the copper-binding site reversibly permeate the membrane surface
in order for the vesicle-bound polypeptide to associate copper(II).
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